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1. General introduction 
1.1. History 
The first description of the occurrence of marsh gas goes back to the year 
four of our era (Söhngen 1906). It concerns a spontaneous combustion near 
Staveren in the Netherlands that lasted for three days. However, it took many 
centuries until the relationship between degrading organic material and the 
generation of the gas was noticed. In 1776 Alessandro Volta wrote in a letter 
that an imflammable gas escaped from sediments of lakes, brooks, from welle 
and marshes (Söhngen 1906). It lasted almost another century until Béchamp 
demonstrated the microbial origin of this phenomenon (Oremland 1988). In 1906 
Söhngen showed that methane was generated from simple organic compounds 
(formate, acetate, butyrate and ethanol), as well as from the combination of 
hydrogen and carbon dioxide. Furthermore, he showed that these compounds were 
products of anaerobic cellulose degradation. Only in 1947 Schnellen isolated 
the first pure cultures of methanogenic bacteria (Oremland 1988). Until now 
about seventy species have been isolated in pure culture (Vogels et al. 1988; 
Boone and whitman 1988; Garcia 1990). 
1.2. Methane and the environment 
During the last three decades there has been an increasing interest in the 
process of methanogenesis, not only because of its aberrant biochemistry but 
also because of its economical and environmental impact. After the oil crisis 
in the early seventies energy prices have been quadrupled and this led to a 
serious interest in alternative energy sources, including fermentations of 
waste materials to methane (Daniels 1984; Oremland 1988). Since the end of the 
sixteenth century the atmospheric methane concentration is increasing up to a 
rate of more than one percent per year in recent years. The increased methane 
production is due to industrial activities such as mining, the pollution of 
aquatic systems with organic matter and intensification of agriculture and 
cattle breeding. Next to carbon dioxide, methane is thought to be one of the 
major causes of the so-called "greenhouse effect". This is due to the fact 
that methane absorbs the light radiated by the earth at vavelenghts that 
otherwise would escape in space. Another aspect of methane formation may be 
oxygen depletion in some parts of the oceans and lakes caused by the microbial 
reoxidation of methane (Zehnder and Svensson 1986). Methanogenesis is the last 
step in the carbon cycle and about 5« of the carbon dioxide fixed by 
photosynthesis is converted into methane. As the major part of it is 
reoxidized to carbon dioxide, the role of methanogenesis in carbon recycling 
is much greater than can be estimated from the atmospheric methane content 
(Wood et al. 1986). 
1.3. Habitats 
Methanogenic bacteria are obligate anaerobic organisms and they are found 
in waterlogged places. In nature they occur either as free-living organisms or 
as endo- and ectosymbionts of protozoa (Van Bruggen et al. 1983,1985). 
Many species have been isolated from sewage sludge, manure piles, marine and 
freshwater sediments, swamps and rice-fields (Daniels 1984). Some species were 
isolated from the rumen of herbivores or from the intestinal tract of animals 
including man (Miller and Wolin 1985,1986; Biavati et al. 1988). Other species 
were isolated from extreme saline (Zhilina 1986; Yu and Kawamura 1987), 
alkaline or acidic environments (Stetter et al. 1985; Mathrani et al. 1988). A 
few species were isolated from extreme hot springs on Iceland, submarine 
hydrothermal vents and volcanos. The latter organisms are able to grow near or 
above the boiling point of water (Stetter 1985; Stetter et al. 1986; Lauerer 
et al. 1986; Zhao et al. 1988). Recently, two species were isolated from human 
dental plaque (Belay et al. 1988a). The examples mentioned show the diversity 
of the methanogenic habitats. 
1.4. Substrates of methanogens 
Most methanogens are able to grow autotrophically with carbon dioxide as 
the sole carbon source. Hydrogen then serves as the electron donor, both in 
the energy-yielding carbon dioxide reduction to methane and in carbon dioxide 
fixation to acetyl-CoA. In a limited number of species the alcohols ethanol, 
1-propanol, 2-propanol, 2-butanol, 2,3-butanediol and cyclopentanol may 
substitute for hydrogen as the electron donor (Wlddel 19B6; Zellner and Winter 
19B7; Zellner et al. 1989a,b; Bleicher et al. 1989). Here, acetate must be 
present as cell carbon source. This does not hold for the ethanol-convertlng 
cells, since acetate is formed as the product of ethanol oxidation (reaction 
1) (Widdel 1986). 
2CH3CH2OH + C02 »2CH3COOH + CH4 [1] 
Other substrates for growth are formate, carbon monoxide, methanol, mono-, 
dl-, and trlmethylamlnes and acetate (Balch et al. 1979; Lovley et al. 1984; 
Belay et al. 1986; Vogels et al. 1988). 
Cell carbon synthesis starts from acetyl-CoA. In autotrophic organisms the 
latter compound Is synthesized In a similar process as found In homoacetoge-
nlc bacteria according to the overall reaction [2]. Since the key enzyme In 
acetyl-CoA synthesis, acetyl-CoA synthetase (carbon monoxide dehydrogenase), 
is either absent or Inoperative in heterotrophic methanogens, the latter 
require acetate for growth (Wood et al. 1982; Bott et al. 1985; Hemming and 
Blotevogel 1985; Zeikus et al. 1985; Fuchs and Stupperich 1986). 
2C02 + 4H2 + CoASH ^ = Ä CH3COSC0A + 3H20 [2] 
Most methanogens are dependent on ammonia as a nitrogen source. There are, 
however, also reports of nitrogen-fixing methanogens (Belay et al. 1988b; 
Scherer 1989). Tested nitrogen-fixing methanogens need vanadium and molybdenum 
for growth. 
1.5. Carbon dioxide reduction 
Carbon dioxide is reduced to methane [3]. 
C02 + 4H2 * CH4 + 2H20 [3] 
The pathway of methane formation from carbon dioxide is shown in Fig. 1. 
In the first step of methanogenesis carbon dioxide is reduced [4] by the 
enzyme formylmethanofuran dehydrogenase under formation of formylmethanofuran 
(Borner et al. 1989; Karrasch et al. 1989). 
C02 + [2H] + H-MFR5=^formyl-MFR + H20 [4] 
The next step involves a formyl group transfer [5] to tetrahydromethanopterin 
(НдМРТ) by the enzyme formyl-MFR:H4MPT formyltransferase and formyltetrahydro-
methanopterin Is the product of this reaction. 
formyl-MFR + H4MPT 5=^ MFR + formyl-H4MPT [5] 
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Fig. 1. Pathway of carbon dioxide reduction to methane in Hethanobacterlum 
thermoautotrophicum. 
Formyltetrahydromethanopterin undergoes a cyclic dehydration [6] catalyzed by 
the enzyme 5,10-methenyl-H4HPT cyclohydrolase and 5,10-methenyltetrahydrome-
thanopterin is formed (Donnelly et al. 1985; Donnelly and Wolfe 1986). 
formyl-HAMPT + H
+5=^ 5,10-methenyl-H4MPT + H20 [6] 
The latter compound is reduced to methyltetrahydromethanopterin via 5,10-
methylenetetrahydromethanopterin [7,8] by the enzymes 5,10-methylenetetrahy-
dromethanopterin dehydrogenase and reductase, respectively (Escalante-Semerena 
et al. 1984c; Wolfe 1985; Keltjens et al. 1986a). 
5,10-methenyl-H4MPT + H 2F 4 2 0 ^^ 5,10-methylene-H4MPT + F 4 2 Q Í7) 
5,10-methylene-H4MPT + H2F420^=± methyl-H4MPT + F420 [8] 
Reduced coenzyme F 4 2Q (H 2F 4 2Q) is the electron donor in these reactions (cf. 
1.6.6). The methyl group of methyltetrahydromethanopterin is then transferred 
to coenzyne M (Poirot et al. 1987; Kengen et al. 1991c; cf. 1.6.1) and 
methylcoenzyme M is the product. Finally as a result of methylcoenzyme M 
reduction in a complicated last step of methanogenesis (cf. 1.6.3) methane is 
formed (McBride and Wolfe 1971; Wolfe 1985). The reactions mentioned above 
will be described in detail in section 1.6. 
1.6. Coenzymes in methanogenesis 
Hethanogenic bacteria possess a unique set of cofactors that act as one-
carbon (C^) or electron carriers. These cofactors are coenzyme M, component B, 
methanofuran, methanopterin derivatives, 5-hydroxybenzimidazolylcobamide 
(Bio-HBI), factor F430 a nd coenzyme F420· 
1.6.1. Coenzyme M (HS-CoM) 
Coenzyme M vas first described by McBride and Wolfe (1971). Originally, the 
coenzyme was isolated as its oxidized homodisulfide, 2,2'-dithioethane 
sulfonic acid. 
A HS-CH2CH2SO3" 
В CH3-S-CH2CH2SO3" 
Flg. 2. Structures of coenzyme H (A) and methylcoenzyme Μ (В). 
Later it was shown that 2-mercaptoethane sulfonic acid (Fig. 2) is the active 
coenzyme in methanogenesis. Coenzyme M is the acceptor of methyl groups 
originating from carbon dioxide, acetate, methanol and methylamines and its 
methylated form, methylcoenzyme M, serves as the substrate in the last step of 
methanogenesis which will be described in relation with Factor F ^ Q (cf. 
1.6.3.)(Taylor and Wolfe 1974a,b; Ellermann et al. 1989 ). Methylcoenzyme 
M synthesis will be dealt with in the next section. 
1.6.2. Corrinoids 
The corrinoid found commonly in methanogenic bacteria is pseudo-vitamin 
B^2 °r 5-hydroxybenzimidazolylcobamide (BioHBI) (Fig. 3) (Stupperich and 
Krautler 1988). Already in the early sixties it was shown by Blaylock and 
Stadtman (1963, 1966) thac corrinolds play a role In methanogenesls from 
methanol. These Investigators showed also that one of the enzymes Involved In 
methanol conversion Is a Bj^-enzyme which is active only vhen the corrinoid is 
in its most reduced state (B 1 2 s) (Blaylock 1968). Their findings were 
substantiated by Van der Meijden et al. (1983a,Ь,с,1984), who found that 
methanol conversion into methylcoenzyne Η occurs in a two step reaction. In 
the first step the corrinoid bound to methanoliB^HBI methyltransferase (MTi) 
is methylated and methylcobalamin is formed. Next the methyl group is 
transferred to coenzyme M by methylcobalamin:coenzyme M methyltransferase 
(MT2) (Van der Meijden et al. 1983b,с). 
CONH, 
I 
CH2 C0NH2 
Fig. 3. Structure of the corrinoid of methanogenic bacteria. 
The corrinoid is subject to reductive activation and oxidative inactivation 
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events. The enzyme is only active when the central cobalt of the corrinoid is 
in its most reduced, Co(I), form (Van der Heijden et al. 1983a). The 
activation of MT^ requires ATP which probably is involved in lowering the 
redox-potential necessary for reduction of Co(II) (В^г^ t o C°( I) (Bl2s^ ^ У 
an as yet unknown mechanism. (Van der Heijden et al. 1984; Kengen et al. 
1988). A few years ago, a corrineid-containing membrane protein has been 
purified from Methanobacterium Chermoautotrophlcum (Schulz and Fuchs 1986; 
Dangel et al. 1987; Schulz et al. 1988). Antibodies raised against this 
protein show strong cross-reactivity with a corrinoid protein isolated by 
our group (Stupperich et al. 1990). The latter enzyme, called MT
a
, is 
involved in methylcoenzyme H synthesis from methyltetrahydromethanopterin: 
the enzyme accepts the methyl group from the substrate by binding it to the 
B12HBI prosthetic group (Poirot et al. 1987; Kengen et al. 1991c). MT a is 
inactivated under oxidative conditions; it can, however, be reactivated un­
der reductive conditions in an ATP-dependent reaction. A second enzyme 
activity present in H. thermoautotrophicum transfers the methyl group from 
methyl-B12HBI to coenzyme M (Kengen et al. 1991b; Van de Wijngaard 1991b). 
The two-step mechanism and reductive activation and oxidative inactivation 
phenomena strongly resemble the situation in the methanol:coenzyme H 
methyltransferase system. 
Corrinoid enzymes are also involved in acetyl-CoA synthesis (Eikmanns and 
Thauer 1985; Krzycki et al. 1985; Terlesky et al. 1986; Van de Wijngaard et 
al. 1988) and acetyl-CoA degradation (Holder et al. 1985; Lange and Fuchs 
1987). Very recently, it was shown that in crude cell extracts of 
Hethanosarcina barker! two corrinoid proteins become methylated during acetyl-
CoA conversion into methane and carbon dioxide. The nature and function of 
these enzymes remain to be established (Cao and Krzycki 1991). 
Free corrinoids were found to increase the activity of the methyl­
coenzyme H reduction systems (Whitman and Wolfe 1985; Rouvière et al. 1988). 
Their stimulatory effect, however, may be artificial, since free cobalamin 
hardly occurs in methanogenic cells. Moreover, free Bj^-derlvatives were 
found to be potent inhibitors of the first step of methanogenesis, carbon 
dioxide reduction to formyl-MFR (Whitman and Wolfe 1987). 
1.6.3. Factor F 4 3 0 
The terminal step in methane production consists of the hydrogen-dependent 
reduction of methylcoenzyme M [9]. The overall reaction is catalyzed by a 
complex system of enzymes and coenzymes and is composed of two partial 
reactions [10,11]. 
H 2 + CH3S-C0M »CH 4 + HS-CoH [9] 
CH3S-C0M + HS-HTP • CHA + CoM-S-S-HTP [10] 
H 2 + CoM-S-S-HTP •HS-CoM + HS-HTP [11] 
The methane-forming reaction [9] is catalyzed by methylcoenzyme M reductase 
(MCR) with 7-mercaptoheptanoyl-L-threonine phosphate (HS-HTP; component В : 
cf. 1.6.4) as the electron carrier (Bobik et al. 1987b; Kengen et al. 1990). 
MCR contains as a prosthetic group two molecules of factor F430 (Ellefson et 
al. 1982). 
С02Н 
Fig. 4. Structure of factor F ^ Q . 
The nickel-containing factor FATη (F430) was first described by Gunsalus 
and Wolfe in 1978. Its structure was elucidated in 1982 by Pfaltz et al. (Fig. 
4). The yellow compound is a nickel tetrapyrrole and all methanogens 
investigated until now possess large amounts of F43Q (Keltjens et al. 1983a; 
Ankel-Fuchs et al. 1964,1986; Eidsneas et al. 1986). F43Q Is rapidly oxidized 
in air under formation of the 12,13-didehydro form (Pfaltz et al. 1985; 
KeltJens et al. 1988). The oxidation of F ^ Q is a reversible reaction and the 
oxidized species can be chemically reduced with zinc or enzymatically with 
hydrogen or reduced coenzyme F¿20 (KeltJens et al. 1988). The central nickel 
atom of the molecule is redox active and can be reduced chemically with sodium 
amalgam from the Ni(II) into the N1(1) form, which is thought to be the active 
form of F 4 3 0 (Jaun and Pfaltz 1986; Albracht et al. 1988). 
1.6.4. 7-Hercaptoheptanoyl-L-threonine phosphate (HS-HTP,component B) 
Component В was first discovered in 1980 by Gunsalus and Wolfe (I960). 
Its structure was elucidated six years later as 7-mercaptoheptanoylthreonine 
phosphate (HS-HTP) (Fig. 5) and the structure was confirmed by chemical 
synthesis and biological activity of the synthesized coenzyme by Noll et al. 
(1986a,1987a). The coenzyme occurs both as a free cytoplasmic coenzyme and 
enzyme-bound to the methylcoenzyme M reductase (Noll and Wolfe 1986b). 
О CH3 0 
HS-CH2CH2CH2CH2CH2CH^NHCH¿H-O-P-OH 
¿ООН ОН 
Fig. 5. Structure of 7-mercaptoheptanoyl-L-threonine phosphate. 
HS-HTP acts as the electron carrier in the methylcoenzyme M reduction 
(Ellermann et al. 1987; Noll and Wolfe 1987b; Ankel-Fuchs 1987; cf. 1.6.3). In 
this reaction, besides methane, the heterodisulfide (CoM-S-S-HTP) of coenzyme 
M and HS-HTP is formed according to equation 10 (Bobik et al. 1987b; Ellermann 
et al. 1988, 1989). CoM-S-S-HTP is enzymatically reduced to HS-HTP and 
coenzyme M (Hedderich et al. 1989). In the methanogenic bacterium strain Gô-l 
the CoM-S-S-HTP reductase is membrane-bound and reduced coenzyme F420 (^420^2^ 
is used as an electron donor [12] in crude vesicles preparations (Deppenmeier 
et al. 1990). 
F420H2 + CoM-S-S-HTP • F42o + HS-CoH + HS-HTP [12] 
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In HethanobacCerltun and Mechanosarcina CoM-S-S-HTP reductase is present as a 
soluble enzyme. In cell extracts of H. thenooautotrophicum hydrogen and 
reduced vlologen dyes act as electron donors (Hedderlch and Thauer 1988). 
CoM-S-S-HTP stimulates the reduction of carbon dioxide to formylmethanofuran 
up to 40-fold, a phenomenon known as "RPG-effeet". The mechanism of this 
stimulation is still unknown and an unknown electron carrier may be involved 
in this process (Bobik and Uolfe 1988,1989a). 
1.6.5. Hethanofuran (MFR) 
In the laboratory of Ralph Uolfe a new coenzyme in methanogenesis was 
discovered by Romesser in 1982. Since it was shown to function in carbon 
dioxide reduction, the coenzyme was called initially carbon dioxide-reducing 
(CDR) factor (Romesser and Wolfe 1982). A few years later its structure was 
elucidated (Fig. 6) and the compound was called methanofuran (Leigh et al. 
1984). Hethanogens contain several methanofuran derivatives that differ in 
the side-chain of the molecule and five different derivatives have been 
described (Bobik et al. 1987a; White 1988). The occurrence of methanofuran 
is not restricted to methanogens. The sulfate-reducing archaebacterium 
Archaeoglobus fulgidus also possesses methanofuran, as well as coenzyme FAOQ 
and tetrahydromethanopterin (Stetter et al. 1987; White 1988; Möller-Zinkhan 
et al. 1989). 
A R,-CH2NH, 
0 
II 
В R2-CH2NHCH 
Г ~ \ - C H 2 o - / \ CHJCHJNHCCHJCHJCHNHCCHJCHJCHNHCCHJCHJCHCHCHJCHJCOO" 
Fig. 6. Structures of methanofuran (A) and formylmethanofuran (B). 
Soon after its discovery methanofuran was recognized as a Ci-carrier in 
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the first step of carbon dioxide reduction (Romesser and Wolfe 1982; Leigh and 
Wolfe 1983). Labeling experiments with ^ COj revealed that a formyl group 
became bound to the primary amine of methanofuran (Leigh et al. 1985). Carbon 
dioxide reduction in various methanogens proceeds via a common pathway which 
includes fonnylmethanofuran as an intermediate (Jones et al. 1985). As 
mentioned in the previous section, the synthesis of fonnylmethanofuran from 
carbon dioxide is strongly stimulated by CoM-S-S-HTP or, alternatively, by the 
low-potential reducing agent Ti(III)citrate (Bobik and Wolfe 1989a). Fumarate 
also stimulates the formation of fonnylmethanofuran from carbon dioxide. 
Fumarate functions as a stimulant by the presence of a novel fumerete 
reductase which couples fumarate reduction with HS-CoM and HS-HTP oxidation 
into CoM-S-S-HTP (Bobik and Wolfe 1989b). 
The enzyme which catalyzes formylmethanofuran synthesis from carbon 
dioxide and methanofuran, formylmethanofuran dehydrogenase, is usually assayed 
in the thermodynamical more favorable direction of formylmethanofuran 
oxidation (Borner et al. 1989; Mahlmann et al. 1989). Formylmethanofuran 
dehydrogenase was purified from methanol-grown cells of H. barker!. It is a 
molybdenum-containing enzyme (Karrasch et al. 1989). Crude cell extracts of H. 
thermoautotrophlcum and H. barker! reduce coenzyme F^ on *-n this reaction. The 
purified enzyme, however, is only active with viologen dyes or metronidazole 
as artificial electron acceptors (Borner et al. 1989; Mahlmann et al. 1989). 
The physiological electron carrier is yet unknown. 
1.6.6. Methanopterin 
Methanopterin (MPT) was first described by Keltjens et al.(1983b) and its 
structure was elucidated by Van Beelen et al. (1984b) by use of two-
dimensional NMR techniques (Fig. 7). Methanopterin was originally isolated 
from H. Chermoautotrophicum. Meanwhile three structurally slightly different 
but functionally similar pterins called sarcinapterin, tatiopterin and 
thermopterin have been described for H. barkeri, Hethanogenium tationis and 
Methanoculleus thermophiIleum respectively (Van Beelen et al. 1983,1984c; 
Raemakers-Franken et al. 1989, 1990, 1991). The physiological active form of 
MPT, firstly described as FAF (formaldehyde activating factor), was 
established to be the 5,6,7,8-tetrahydro-derivative (H^HPT) (Escalante-
Semerena and Wolfe 1984a; Escalante-Semerena et al. 1984b). H^MPT acts as a 
Ci-carrier at the formate, formaldehyde, and methanol level of oxidation and 
the nomenclature of the intermediates is in analogy with the one in the 
biochemistry of folate compounds: formyl-, methenyl-, methylene-, and 
methyltetrahydromethanopterin, respectively (Escalante-Semerena et al. 1984c; 
Escalante-Semerena and Wolfe 1985; Vogels et al. 1988; Keltjens and Vogels 
1988). 
/ = = \ I H H H co2-
N-s^CH / \ H OH OH OH 0 0. H | 2 
Χι»," " Λ/ϊ f 
N-^CHj Hj [4-0-P-0-ÇH 
И Н Н 0" C02" 
Fig. 7. Structure of methanopterin. 
In methanogenesis from carbon dioxide НдМРТ accepts the formyl group from 
formylmethanofuran under formation of 5-formyl-H^MPT. The next reaction 
involves a dehydration, and a cyclic derivative, 5,10-methenyl-H^MPT, is 
formed. The two enzymes that catalyze the formyl transfer and cyclohydrolysis 
were purified from H. thermoautotrophicum (Donnelly et al. 1985; Donnelly and 
Wolfe 1986; Keltjens et al. 1986b; DiMarco et al. 1986). 5,10-Methenyl-H^MPT 
was first described by Daniels and Zeikus (1978) as the stable product after 
short-term labeling of cells with C-methanol or CO2. The compound was 
termed YFC after its yellow fluorescence on thin-layer chromatography. The 
structure of YFC was elucidated by Van Beelen et al.(1984a) and the compound 
was considered to be an intermediate both in the process of carbon dioxide 
reduction and in methanol oxidation (Keltjens and Vogels 1988). 
Escalante-Semerena et al. (1984c) showed that crude cell-free systems 
reduce 5,10-methenyl-H^MPT Co S.lO-methylene-H^MPT by the enzyme 5,10-
methylene-НдМРТ dehydrogenase (MDH). The enzyme was purified in low yield and 
modest specific activity. It was, however, the first enzyme in the carbon 
dioxide reduction pathway shown to be strictly dependent on coenzyme F^o 
(Hartzeil et al. 1985). Presently there is one report on the purification of 
MDH which uses hydrogen rather than reduced coenzyme F^jQ a s a n electron 
donor. This enzyme from H. thenaoauCotrophicum (strain Marburg) becomes 
coenzyme F^Q-dependent after exposure to oxygen (Zirngibl et al. 1990). The 
reduction of 5,10-methylene-H¿,MPT to methyl-H^MPT is catalyzed by the enzyme 
5,10-methylene-H^MPT reductase (MTR) (Sauer 1986). Finally, the methyl group 
of methyl-H^MPT is transferred to coenzyme M as described above. Apart from 
a central role as a one-carbon carrier in carbon dioxide reduction and 
methanol oxidation, H^MPT is involved in acetate synthesis from carbon dioxide 
(Unge and Fuchs 1985) , acetate degradation to methane and carbon dioxide 
(Fischer and Thauer 1990) and in serine synthesis (Hoyt et al. 1986). In 
analogy with tetrahydrofolate, НдМРТ may play a role in purine, and 
pyrimidine synthesis (Keltjens and Vogels 1988). This remains to be verified. 
1.6.7. Coenzyme F420 
Six years after its discovery by Cheeseman et al. (1972) the structure of 
coenzyme FA^O w a s elucidated by Eirich et al. (1978) (Fig. 8). The greenish-
yellow intensively blue fluorescent compound was termed after the strong 
absorption peak at 420 nm of the oxidized species at neutral and alkaline pH. 
Coenzyme F420 *-s a deazariboflavin. Th e compound shows a redox potential as 
low as -ЗАО mV and is involved in a hydride transfer (Jacobson and Walsh 
1984). At least four structurally related compounds have been described in 
which the number of glutamyl residues in the side-chain varies from two to 
five (Gorris and Van der Drift 1986). All methanogens tested until now contain 
high levels of coenzyme F^ oj) (Eirich et al. 1979). The occurrence of coenzyme 
F420 however is not restricted to methanogenic bacteria . The compound was 
also isolated from halobacteria, actinomycetes, Sulfolobus sp., Thermoplasma 
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sp., Archaeoglobus sp. and even from the eucaryotlc green alga Scenedesmus 
acutus (Eker et al. 1980; Lin and White 1986; De Wit and Eker 1987; Möller-
Zinkhan et al. 1989). 
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Fig. 8. Structure of coenzyme F ^ Q · 
Coenzyme F420 ^ s involved in a number of electron transfer reactions. A 
thoroughly described reaction is the hydrogen-dependent reduction of coenzyme 
F420 mediated by a specific hydrogenase vhich has been purified from various 
methanogens (e.g. Fox et al. 1987; Muth et al. 1987; Sprott et al. 1987; 
Fiebig and Friedrich 1989). Besides this reaction, found in almost all 
methanogens, coenzyme fj^jO is a substrate of the following enzymes: formate 
dehydrogenase (Daniels et al. 1977; Schauer and Ferry 1986), formate hydrogen-
lyase (Baron and Ferry 1989), NADP reductase (Eirich and Dugger 1984), carbon 
monoxide dehydrogenase (Daniels et al. 1977), secondary alcohol reductase 
(Widdel and Wolfe 1989), formylmethanofuran dehydrogenase (Borner et al. 1989), 
heterodisulfide reductase (Deppenmeier et al. 1990), and methylene-H^MPT 
dehydrogenase and reductase (Hartzell et al. 1985; Mukhopadyay and Daniels 
1989; En£le et al. 1991; this thesis). There is evidence that coenzyme F420 
acts in a photoreactivating reaction in cells damaged by UV-radiation. Up to 
90% of the disrupted activity could be restored after photoreactivation at 420 
nm (Kiener et al. 1985). 
Factor 390 is a coenzyme F420 derivative with an AMP or GMP residue 
connected via a phosphodiester bond to the 8-OH position of the deazaflavin 
(Hausinger et al. 1985). The compound can be reduced at a midpoint potential 
of -320 mV (Gloss and Hausinger 1987). When whole cells of some investigated 
methanogens are exposed to air, factor 390 is formed from coenzyme F^O *-n a n 
ATP- or GTP-dependent reaction and methanogenesis is cessated. The reaction is 
reversible and when anaerobic conditions are restored, factor 390 is 
hydrolyzed to coenzyme FA?O anc* methanogenesis is recovered (Kiener et al. 
1988; Gloss and Hausinger 1988). Later it was observed that not only whole 
cells but also cell extracts are capable of factor 390 formation after 
exposure to air (Kengen et al. 1991a; Van de Wijngaard et al. 1991a). The 
enzymes F3oQ-synthetase and F3gQ-hydrolase were purified from H. 
Chenaoautotrophicum. The FJ^Q-synthetase was closely associated with the 
coenzyme F^ofl"dependent hydrogenase and factor 390 was reduced by this enzyme 
in a hydrogen-dependent reaction (Kengen et al. 1991a, b). Not yet fully 
understood is the role of factor 390 in methanogenic metabolism. 
1.7. Outline of this study 
Generally it is accepted that 5,6,7,8-H^MPT is the central Cj-carrier in 
methanogenesis from carbon dioxide at the formate, formaldehyde and methanol 
level of oxidation. However, the enzymes involved in the conversion of the 
intermediates are not well characterized. 
In Chapter 2 the purification of 5,10-methylene-H^MPT dehydrogenase from 
H. thermoautotrophicum is described. The enzyme catalyzes the synthesis of 
5,10-methylene-H^MPT from 5,10-raethenyl-H^MPT. In this reaction coenzyme FAOQ 
acts as the electron carrier. 
In Chapter 3 5,10-methylene-H^MPT reductase from M. thermoautotrophicum is 
characterized. This coenzyme F420"dependent enzyme catalyzes the conversion 
of 5,10-methylene-H^MPT to methyl-H^MPT. 
tí. barkeri is able to grow on methanol as the sole carbon and energy 
source. One quarter of the methanol then is oxidized to carbon dioxide to gain 
the necessary reduction equivalents for reducing the remaining three quarters 
to methane [13]. 
4CH30H »C0 2 + ЗСНд + 2H20 [13] 
Methanol oxidation may proceed via the same pathway as carbon dioxide 
reduction, though in the opposite direction. This possibility was investigated 
in the next three Chapters. 
Chapter 4 describes the isolation and characterization of 5,10-methylene-
НлМРТ reductase and dehydrogenase. These two enzymes catalyze the 
subsequent oxidation of methyl-H^MPT into 5,10-methylene-H4MPT and 5,10-
methenyl-НдМРТ. Coenzyme F42O ^ s t n e e l e c t r o n acceptor in both oxidation steps. 
Chapter 5 describes the purification and some of its properties of 5,10-
methenyl-НлМРТ cyclohydrolase. This enzyme catalyzes the formation of formyl-
H4MPT from 5,10-methenyl-H4MPT. 
Finally, the formyltransferase which catalyzes the formyl group transfer 
from formyl-H^MPT to methanofuran was isolated from W. barkeri; some 
properties of the enzyme are described in Chapter 6. 
The properties of 5,10-methylene-H^MPT reductase and dehydrogenase, 
cyclohydrolase and formyltransferase from H. barkeri, as well as the kinetics 
of the respective enzymic reactions are in agreement with their role in the 
methanol-oxidizing pathway. This, now, would imply that methanol oxidation 
starts from the level of methyl-H^MPT. 
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S.lO-Methylenetetrahydrofiwthanoptenn dehydrogenase From Methanobacterium thermoautotrophicum strain ΔΗ was 
purified to homogeneity with nearly complete recovery. The aerobically stable monofunctional enzyme catalyzed the 
reversible oxidation of 5,lt)-rriethylene-5,6,7,8-tetrahydromethttnopterin to its 5,10-methenyl derivative. For the reaction 
a midpoint potential t% ж -362 mV was calculated at 60° С The methanogenic electron carrier coenzyme F 4 2 0 was 
strictly required as the co-substrate. The dehydrogenase (M
r
 216000) was purified as an apparent hexamer of six 
identical 36 kDi subunits. Oxidation of 5,10-methylenetetrahydromethanopterìn coupled to coenzyme F4J0 reduction 
catalyzed by the dehydrogenase with a turnover number of 2400 s " ' proceeded via a ternary complex mechanism. High 
concentrations of monovalent cations markedly stimulated the reaction. 
Introduction 
The methanogenic bacteria represent a group of spe-
cialists that derive their energy for growth from the 
conversion of a limited number of one-carbon com-
pounds or acetate to methane [1.2]. Most species includ-
ing the organism studied here, Methanobacterium ther-
moautotrophicum. axe capable of performing the eight-
electron reduction of СО
г
 to methane. Ια this process a 
senes of novel coenzymes are involved as one-carbon 
and electron earners. During the conversion of the 
one-carbon unit at the formyl through the methyl state 
of reduction 5.6,7,8-tetrahydromethanoptenn (H4MPT) 
serves as the one-carbon earner (3-6]. The compound 
accepts a formyl group bound to methanofuran and the 
Abbreviations H4MPT, 3.6.7,8-tetnhydromeihanoptenn: H4folaie. 
3.6.7,8.teuahydrofolaie. coenzyme F4 W, 7,8-dideïDethyl-8-hydrojty-5-
dcazanboflavtn-S'-phosphoryUaciylKluuunaie, FQ. 7.8-didemcthyl-S-
hydroxy-5'-deazanboflavtn, F*, 7,e-didemethyl-8-hydroiy-5-
deaxanboflavui-S'.phosphatc, coenzyme F 4 S H : , 1.5-dihydro-coen-
гуте F4M. F,w. 8-OH adenylylaied coenzyme F^. CHAPS. 3-((3-
cholamidopropyl)diincihylaniinonio|-l*propaneiulfonaie. SDS, 
sodium dodccvl sulfate. HPLC. high-performance liquid chromatog­
raphy 
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resulting product. 5-formyl-H4MPT is subsequently de­
hydrated to yield 5,10-methenyl-H4MPT (7-9) The 
latter is converted in two subsequent reduction reac­
tions (1) and (2) via 5.10-methylene-H4MPT to 5-
methyl-H4MPT 
5.10-melhenyl-H
 4 M PT + coenzyme F 4 „ Η, 
· · S,10-methylene-H4MPT + coenzyme F 4 W + H* (1) 
5.10-melhylene-H4MPT + cocnzyme F 4 2 0 H : 
••5-melhyl-H4MPT + coenzymeF4 i l l (2) 
In the reversible reactions (1) and (2) the deazaflavin 
coenzyme F 4 J 0 acts as an electron earner [6.10-12] 
5,10-Methylene-H4MPT reductase that catalyzes reac­
tion (2) was recently punfied by us from M thermoau­
totrophicum (strain ΔΗ) and characterized to some de­
tail [12]. The enzyme that reduces 5,10-methenyl-
H4MPT, 5,10-methylene-H4MPT dehydrogenase, has 
also been purified from the organism though only in 
modest yield and with low specific activity [10] Im­
proved purification procedures have been desenbed 
[11,13] for the dehydrogenase from M. thermoauto­
trophicum strain Marburg, an organism which is only 
distantly related to the ΔΗ strain [14]. Remarkably, 
coenzyme F 4 2 0 dependence of the latter protein was only 
found in the course of the purification procedure (11| or 
39 
after exposure of the enzyme to aerobic conditions [13] 
For the highly-punfied enzyme prepared under anoxic 
conditions protons and hydrogen, rather than coenzyme 
F410, were reported to be the substrates providing the 
protein a hydrogenase activity [13] 
In this report we describe a relatively simple proce­
dure to obtain with nearly complete recovery and with 
high specific activity the 5,10-methylene-H4MPT dehy­
drogenase from M thermoauiotrophicum strain ΔΗ. 
The aerobically purified enzyme stnctly used coenzyme 
F420 as the co-substrate. In addition, the enzyme has 
been characterized to some extent with respect to sub-
unit composition, substrate specificity and kinetic prop­
erties. Parts of the study have been published in ab­
stract-form (Forum Mikrobiologie 12 (1989) ρ 55). 
Materials and Methods 
Preparation of ceü-free extracts M thermoauio-
trophicum (strain ΔΗ, DSM 1053) was grown under 
hydrogen and C02 on a mineral medium [15] and 
harvested at the end of the exponential growth as de­
scribed previously [16]. Cell-free extracts were prepared 
anaerobically at 4°С by suspending whole cells (1 1. 
w/v) in 20 mM potassium phosphate buffer (pH 6 0). 
The suspension was passed twice through a French 
Pressure cell operating at 138 MPa. Cell debns were 
removed by centnfugauon at 18000 x g for 20 nun: the 
supernatant was collected and stored at -70°C until 
use. 
Purification of the substrates. The substrates of the 
enzymic reaction, H4MPT and coenzyme F420were ob­
tained from M thermoauiotrophicum by procedures 
modified from the ones described in Refs. 12, 17 and 
18 Since НдМРТ is a quite oxygen-sensitive compound 
all steps during its purification were performed in an 
anaerobic glovebox. All buffers and H4MPT-containing 
solutions were kept under nitrogen atmosphere in serum 
bottles closed with black butyl rubber stoppers In a 
typical purification, cells (392 g, wet weight) were sus­
pended in 30 mM sodium acetate buffer (pH 4) contain­
ing I mM dithiothreitol to a final volume of 800 ml. 
The suspension was placed m a boiling waterbath for 
1.5 h and, after cooling, centnfuged at 18000 X g for 30 
min. The supernatant (560 ml) was decanted and ap­
plied to a column (20 X 4 8 cm) packed with DEAE-
Sephadex A-25 (acetate form) and equilibrated in the 
above-mentioned sodium acetate buffer The column 
was washed with 150 ml equilibration buffer and subse­
quently eluted with a linear gradient (1200 ml) of 160-
300 mM NaCl in the buffer followed by a wash with 1 
M NaCl; 7-ml fractions were collected. H4MPT was 
detected enzymically as described below; the compound 
was present in the fractions eluting between 180-220 
mM NaCl. Coenzyme F420 was eluted at 1 M NaCl. To 
the H4MPT-containing pool (75 ml) NaCl was added to 
a final concentration of 2 M. and H4MPT was further 
purified by use of a Bonded Phase-Octadecyl (40 μπιί 
column (19 x 1.8 cm) The column had been activated 
with 100 ml methanol, washed with 100 ml 20 mM 
potassium phosphate (pH 5) and equibbrated with 2 M 
NaCl in this buffer (100 ml) After application of the 
sample and washing with 100 ml equilibration buffer 
separation was performed with a linear gradient (600 
ml) of 0-20% methanol in the phosphate buffer: 11-ml 
fractions were collected. H4MPT was eluted between 
12-16% methanol and pooled (140 ml). For a final 
purification the pool was brought on a second DEAE-
Sephadex A-25 (Cl~ form) column (9 x 2.6 cm) equi­
librated in 20 mM potassium phosphate buffer (pH 5). 
Separation was achieved with a linear gradient (600 ml) 
of 0-500 mM NaQ in the phosphate buffer and 9-ml 
fractions were collected H4MPT eluting between 370-
450 mM NaCl was pooled and concentrated by rotary 
evaporation at 30°C The compound showed an ultra­
violet 'Spectrum in accordance with the one previously 
reported [3] and HPLC analysis showed only a single 
peak. 
Fractions containing coenzyme F420 were collected 
from the first DEAE-Sephadex A-25 column. The com­
pound was detected on the basis of its characteristic 
blue fluorescence and its RF values upon thin-layer 
chromatography [17] The pool was concentrated by 
rotary evaporation and desalted by use of Sep-Рак C,B 
cartridges [17] The desalted sample was applied to a 
second DEAE-Sephadex A-25 (CI" form) column (20 X 
1 8 cm) equilibrated in 20 mM potassium phosphate 
buffer (pH 8). After washing with equilibration buffer 
separation was achieved isocratically with 250 mM NaCl 
ш the phosphate buffer Coenzyme F420 was pooled, 
concentrated by flash evaporation and desalted as de­
scribed above. The compound was judged to be pure on 
the basis of its ultraviolet-visible light spectra [18] and 
HPLC analysis gave only one peak. Reduced coenzyme 
F420 (coenzyme F420H2) was prepared in 89% yield from 
the oxidized form by reduction with sodium borohydnde 
and pun f led as reported previously [12], samples con­
tained 7% of the oxidized species. 
Purification of 5,10-methyiene-HtMPT dehydrogenase 
from M thermoauiotrophicum Since the enzyme was 
found to be oxygen stable, all steps after the prepara­
tion of cell-free extracts were earned out under aerobic 
conditions at 4°C. Ail solvents and enzyme prepara­
tions contained 0.5 mM CHAPS. 
Step 1. Ammonium sulfate fractionation. To 10 ml 
cell-free extracts 15 ml 100% saturated ammonium 
sulfate was added overnight under gentle stirring. The 
solution was centnfuged for 15 min at 50000 x. g and 
the supernatant, which contained the dehydrogenase, 
was carefully decanted. 
Step 2. Phenyl-Sepharose. The supernatant (22.5 ml) 
was brought on a column (36 x 1.7 cm) packed with 
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phenyl-Sepharose CL-4B and equilibrated in 2 M NaCl 
in 20 mM potassium phosphate buffer (pH 6) After 
application of the sample the column was washed with 
2 bed volumes of the equilibration buffer and sep-
aration «as pursued with linear gradients of 2-0 M 
NaCl (400 ml) and of 0 to 25% (v/v) ethylene glycol 
(200 ml), respectively, both in the phosphate buffer The 
enzyme was collected in a total volume of 94 ml in the 
fractions eluted between 6-20% ethylene glvcol 
Step 3 WP-PEI FPLC The dehydrogenase was brought 
to homogeneity by FPLC using the Perkin-Elmer sys-
tem equipped with a Baker WP-PEI column ( 1 1 5 x 1 3 
cm) Equilibration and elution were performed with 20 
mM potassium phosphate buffer (pH 6) at a constant 
flow rale of 0 6 ml/nun under a pressure of 300 kPa. 
the eluate was monitored at 280 nm and 1 6-ml frac-
tions were collected After application of the enzyme 
the column was washed for 10 nun with the equilibra-
tion buffer followed by a 90-rrun linear gradient of 0-2 
M NaCl and a straight wash with 4 M NaCl, both in the 
phosphate buffer The dehydrogenase was eluted during 
the latter step Portions of the pool were concentrated 
and desalted by extensive washing with phosphate buffer 
on an Amicon PM 30 filter 
Enzyme assays By routine the dehydrogenase activity 
was measured speurophotometncally in the direction of 
5,10-methylene-H4MPT oxidation and coenzyme F420 
reduction essentially according to [3,10] The substrate 
5,10-melhylene-H4MPT is formed non-enzymically 
from HjMPT and excess formaldehyde (4,5) The course 
of the reaction was followed by recording the increase 
in the absorbance at 335 nm and the decrease at 420 nm 
asa resullof 5.10-methenyl-H4MPT(<jjj - 2 2 4mM~' 
cm ', [10)) production and coenzyme F420 (<42o ™ 24 5 
mM"1 cm"' at pH 6) reduction Activities were calcu-
lated on the basis of 5,10-methenyl-H4MPT formation, 
the àAm was corrected for the increase of the ab-
sorbance at this wavelength resulting from coenzyme 
F420H2 (i,,, - 8 1 mM"1 cm"1, [10]) 1 unit is defined 
as 1 μιηοΙ 5,10-methenyl-H4MPT formed per min 
Reaction mixtures were prepared in cuvettes placed 
inside the anaerobic glove box (97 5% N,/2 5% H2) 
The reaction mixtures (2 ml) contained 78 nmol H4MPT, 
5 μ mol formaldehyde and 87 nmol coenzyme F420 in 20 
mM potassium phosphate buffer (pH 6) containing 1 M 
NaCl After closing with rubber stoppers the cuvettes 
were taken outside the glovebox and placed in a iher-
mostatted cuvette holder of the spectrophotometer 
After a 5-nun preincubation at 60°C the reaction was 
started by the anaerobic addition of 10-50 μΙ enzyme 
solution by means of a gas-tight syringe 
During its purification the presence of H4MPT in 
the column fractions was tested after an enzymic con­
version to its oxvgen-stable derivative, 5.10-methenyl-
H4MPT Therefore, two series of reaction mixtures in 
10-ml serum bottles were prepared. The first (blank) 
senes contained 2 ml 20 mM potassium phosphate 
buffer (pH 6), 78 nmol coenzvme F420. 1 M NaCl and 5 
μ mol formaldehyde In the reaction mixtures of the 
second series extra dehydrogenase was present 100-μΙ 
aliquots of the different column fractions were added to 
a vial of either series After closing the vials with rubber 
stoppers and aluminum cnmped seals, the serum bottles 
were incubated at 60°С under nitrogen atmosphere for 
an appropiate period of time, opened and the difference 
in the absorption at 335 nm between the respective vials 
of both senes was determined The column fractions 
showing a net absorbance at that wavelength contained 
H4MPT 
Analytical procedures HPLC analyses were per­
formed as described previously [12.17] using 40 m M 
sodium formate (pH 3 0) and a 0-25% linear gradient in 
methanol as solvent systems Recording of ultraviolet-
visible light spectra and the speclropholometnc assavs 
took place either on a Hitachi U-3200 spectrophoto­
meter or on a Hewlett-Packard 8452 diode array spec­
trometer connected to a Vectra ES/12 computer The 
spectrophotometers were equipped with thermostatted 
cuvette holders 
Enzyme concentrations were determined by the 
Coomassie bnlliant blue G-250 protein binding assav 
(19), bovine serum albumin served as the standard 
Polyacrylamide gel electrophoresis (PAGE) was per­
formed according to Laemmli (20) and proteins were 
stained with Coomassie brilliant blue The molecular 
weight of the native protein was estimated by the method 
of Hednck and Smith [21) on the basis of the relative 
mobilities after electrophoresis on slab gels with 8, 9, 10 
and 11% acrylarmde The following proteins were taken 
as standards α-amylase (45000), alkaline phosphatase 
(100000) and the monomer (68000). dimer (136000) 
and tnmer (204000) of bovine serum albumin The 
molecular weight of the SOS-denaturated protein was 
determined by the method of Laemmli (20), cytochrome 
с (12 500). a-chymotrypsin (25 100), carbonic anhydrase 
(30000), ovalbumin (43 000), albumin (68000) and 
Phosphorylase b (94000) served as the standards 
Materials Unless otherwise stated, chemicals were of 
the highest grade available CHAPS. FAD and FMN 
were from Boehnnger (Mannheim, F R G ) NADP*. 
NADPH, NAD~, NADH and N.N.N'./V'-ietrameth-
ylethylenediamine (TEMED) were purchased from 
Sigma Fine Chemicals (St Louis. MO) N.N '-methyl­
ene btsacrylamide (BIS). SDS. and ammonium per-
sulfate were from Bio-Rad Laboratories (Richmond, 
CA) Serva Blue G Гог the protein détermination was 
obtained from Serva Feinbiochimica (Heidelberg, 
F R G ), benzyl viologen was from BDH Chemicals 
(Poole. U К. ) Phenyl-Sepharose CL-4B, DEAE-Seph-
adex A-2S and the molecular weight calibration kits 
were bought from Pharmacia Fine Chemicals (Uppsala, 
Sweden) WP-PEI FPLC column material, 40 μπι 
41 
Bonded-Phase Ociadecyl С,, and methanol (HPLC 
grade) were from J Τ Baker (Deventer, The Nether­
lands) The coenzyme F420 derivatives F*. F0 and F,w 
were a gift from S W M Kengen from our laboratory 
Gasses were obtained from Hoek-Loos (Schiedam. The 
Netherlands) and were made oxygen-free by passage 
over catalysis kindly given by BASF (Ludwigshafen, 
F R G ) Prereduced R3-11 was used at 150°C for 
nitrogen and RO-20 at ambient temperature was em­
ployed to remove traces of oxygen from hydrogen-con­
taining gases 
Results 
Purification and properties of 5 10-melhytene-H4MPT de­
hydrogenase from M thermoautotrophicum 
The dehydrogenase was purified to a specific activity 
of 736 μπιοΙ 5,10-methylene-H4MPT oxidized per nun 
per mg in a three-step procedure as summanzed in 
Table I Since nondenaturating Polyacrylamide gel elec­
trophoresis at this stage gave only one band (Fig. 1), the 
enzyme was judged to be pure The procedure included 
л 60% ammonium sulfate fractionation, at which the 
enzyme is present in the supernatant, followed by hy-
drophobic-mteraction chromatography and fast-protein 
liquid chromatography Introductory experiments had 
shown that the enzyme was oxygen-stable Hence, all 
steps were earned out under aerobic conditions Pre­
liminary purification, however, was accompanied with 
severe and irreversible losses in activity The losses were 
prevented when ionic or non-ionic detergents were in­
cluded in the buffers and enzyme solutions The zwit-
tenonic detergent CHAPS (0 5 mM) proved to be most 
suitable When kept in its presence, no loss in activity 
was found for the dehydrogenase upon storage at 4°C 
for more than 6 months 
A remarkable aspect in the purification scheme (Ta­
ble I) is the 190% recovery, which is a result of Ihe 
enzymic assay employed As can be seen from the Table 
ал approximate 2-fold enhancement m yield is observed 
after the phenyl-Sepharose step During this step the 
dehydrogenase is separated from 5.10-melhylene-
— Top 
— Front 
Fig. 1 Neuve Polyacrylamide ¿el electrophoresis of purified S 10-
melhylene-H4MFT dehydrogenase 10 6 212 and 42 4 μg enzvme 
were subjected to electrophoresis on 10% slab gels and subsequently 
stained with Coomasste brilliant blue as described under Materials 
and Methods 
H4MPT reductase [12] When both enzymes are present 
in the assay, they compete for 5.10-meihylene-H4MPT 
as a common substrate, the reductase uses coenzyme 
F„,0Hj produced in the dehydrogenase reaction as the 
reductant (reactions 1 and 2) The result is a dispro-
portionation of 5,10-meihylene-H4MPT into about 
TABLE I 
Purificalion of 5 10 methylene H4MPT dehydrogenase from M thermoautotrophicum 
The purification was started from 10 ml crude cell-Ггее extract of M ihermoautotrophtcum Activities were measured in the direction of 
5 10-methy]enc-H4MPT oxidation as described under Materials and Methods Units are expressed as μπκ>1 5 10-melhenvl-H4MFT formed per nun 
Step 
Crude extract 
Ammonium sulfate 
(60% supernatant) 
Phenyl-Sepharose 
FPLC WP-PEI 
Total 
protein 
(mg) 
J90 
»9 
11 1 
4 8 
Total 
activity 
(units) 
1900 
1800 
3400 
3500 
Specific 
activity 
(unils/mg) 
4 87 
18 24 
304 
736 
Factor 
( fold) 
1 
3 7 
62 
151 
Recovery 
(%) 
100 
95 
185 
191 
42 
¿a 
•f"'5 
1. 
S " 
э 
JS 
о 
Χ 
5 
(А) 
• 
/ 
/ 
/ 
• / 
• 
/ 
О 
/ 
• 
® 
о -
t • 
6 -
ι -
2 • 
• 
\ 
\ 
\ 
\ 
\ 
• 
\ 
• 
12 20 21 02 01 06 
ое 
slope 
10 
Rm 
Fig. 2 Determination of the molecular weights of native and SDS-denaturated 5.10-methylene-H4MPT dehydrogenase (Al Dehydrogenase <o) 
jnd enzvmic standards ( · ) of luiown molecular weights as specified under Matertals and Methods were eleclrophonsed on 8 9. 10 and 11% slab 
gels and the relative mobilities (Л,„) were measured Apparent molecular weights are plotted as a function of the slopes derived from the 
100 log 1O0X R
m
 vs 1 Polyacrylamide curves (B) SOS-treated dehydrogenase ( o ) was subjected to SDS-electrophoresis in a 13% gel containing 
01% SDS together with the molecular standards <·) as specified under Matenals and Methods 
equal amounts of 5.10-methenyl-H4MPT and of 5-
meihyl-H4MPT, whereas no net reduction of coenzyme 
F4JO occurs. This was substantiated by HPLC analyses 
of the reaction mixtures and in speclrophoiometnc de­
terminations recorded simultaneously at 335 and 420 
rim. In addition, when enzyme preparations were used 
free of the reductase, the final absorbance at 335 nm 
was 2-fold higher and coenzyme F420 was reduced stot-
chiometncally with respect to 5,10>-methenyl-H4MPT 
formation (see below). 
During the preparation of the cell-free extracts all 
dehydrogenase activity was present in the supernatant 
of the broken cells after cenlnfugation. The enzyme was 
purified by a factor 151 (Table I). Since the specific 
activity of the cell-free extracts may be underestimated 
by a factor 2 for reasons given above, the actual purifi­
cation factor is about 75. This implies that the dehydro­
genase comprises appro*. 1.5% of the total soluble 
proteins, which agrees with its central metabolic role 
An apparent M, of 216000 could be estimated for 
the native dehydrogenase (Fig. 2A). Denaturating SDS-
polyacrylamide gave one band with an M, of 36000 
(Fig. 2B). This indicates that the enzyme is a hexamer of 
identical subumts. 
Substrate specificity and reversibility of the reaction 
By routine the dehydrogenase was determined in the 
direction of 5,10-methenyl-H4MPT formation and 
coenzyme F4M reduction A typical example of the 
speclrophoiometnc assay is shown in Fig 3. No reac­
tion was observed in the absence of coenzyme F42U. In 
the course of the reaction the absorbance at 335 nm 
increased as a result of 5,10-mcihenyl-H4MPT and 
12 
b?0nm 
335 nm 
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Fig. 3 3 10-Methvlene-H4MPT oxidation and coenzyme F4 M reduc­
tion by pun Tied 5.10-methylene-H4MPT dehydrogenase The speclro­
phoiometnc assay contained 19 5 μΜ 5.10-methykne-H4MPT and 25 
μ M coenzyme F4 2 0 and was performed as described under Matenals 
and Methods The reaction was started after about 2 min by the 
unouc addition of 0 1 μ§ purified enzyme with a specific activity of 
736 units/mg. 
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coenzyme F420H2 formation. Simultaneously, the ab-
sorbance at 420 nm decreased due to the reduction of 
coenzyme F420 From the molar absorbanccs given un­
der Materials and Methods and the differences between 
the initial and final absorptions one may calculate that 
18 5 μΜ 5,10-methenyl-H4MPT was formed, whereas 
the concentration of coenzyme F420 had decreased by 
17 5 μΜ The data are in agreement with the 1 1 
stoichiometry of reaction (1) Since 19 5 μΜ methylene-
H4MPT was present at the start, under the experimen­
tal conditions this substrate is nearly quantitatively 
converted into 5,10-melhenyl-H4MPT When at the end 
coenzyme F420H2 was added anaerobically, the ab-
sorbance at 420 and 33S nm increased and decreased, 
respectively (data not shown), indicating that the oppo­
site reaction also may take place Thus, 5,10-methylene-
H4MPT oxidation and 5,10-methenyl-H4MPT reduc­
tion are essentially reversible [5,10]. 
Coenzyme F420 is a quite specific co-substrate Natu­
ral electron earners, like NAD(P)* and the flavins 
FMN and FAD, as well as the artificial electron earner 
benzyl viologen, were inactive NADH and NADPH 
also did not function as reductanls in the enzymic 
reduction of 5,10-melhenyl-H4MPT. Coenzyme F420, 
however, could be replaced by its derivatives F+ and F0, 
which lack the lactylglulamyl and the S'-phosphoryl-
lactylglutamyl residues of the intact coenzyme Com­
pared to coenzyme F420, tested in 42 μΜ concentration, 
activities in the presence of F* (40 μΜ) and F0 (40 μΜ) 
were 66 and 117%, respectively In contrast, F3M, 8-OH 
adenylylated F420, was inactive FJ90 is produced from 
ATP and coenzyme F420 [22], when growing cells [23] or 
cell extracts [22] of melhanogemc bacteria, like M 
thermoautotrophicum, are exposed to oxygen 
Above, we pointed to the reversibility of reaction (1) 
In the following experiment it was tned to assess the 
equilibrium constant. Therefore, a number of assays 
were performed containing various initial concentra­
tions of 5,10-methylene-H4MPT, coenzyme F420 as well 
as its reduced form, coenzyme F420H2, and punfied 
dehydrogenase (Table II). When the reactions had re­
ached the equilibrium, the concentrations of the re-
actants were determined From the data listed in Table 
II one may calculate a K^ - 2.24 χ ΙΟ7 M"1 at 60°C 
for the reaction (3). 
5.10-nKthylene H
 4 MPT-t-coenzyme F420 + H* 
»•5.10-melhenyl-H4MPT + coeniymeF4 MHj (3) 
Kinetic properties and effectors of the enzymic reaction 
The dehydrogenase reaction showed a defined tem­
perature optimum at 60°C. situated near the optimal 
growth temperature (65°C) of M thermoautorrophtcum. 
A pH optimum was observed at pH 6 0 for the reaction 
followed in the direction of methylene-H4MPT oxida­
tion 
TABLfc ll 
Détermination of the equilibrium constant of the 5.10 meth\tene Ht MPT 
deh\drog,enase reaction 
Reactions were measured in the direction of 5 10 methylene-H4MPT 
oxidation at pH 6 0 l[H* | - 1 0 * Ml as described under Materials 
and Methods in the presence of 0 1 μ% punfied enzvme and initial 
concentrations οΓ substrates as given in the Table Final concentra­
tions of coenzsme F410 and of 5 10-methenvl-H4MPT were calculated 
from the absorbancies at 401 and 335 nm respectively at the end ol 
the reaction In the latter case the contribution of coenzyme F 4 a H . jt 
this wavelength was соп-ected for (CH, • ), 5.10-melhvlene-H4MPT 
( C H * - ) 5 10-melhenyl-H4MPT 
Exper- Concentration K«, * 10 
imeni (μΜ) < M ~ V 
N
° F410 F 4 2 0 H 2 <CHj-> ( C H * - ) 
initial 
final 
initial 
final 
initial 
final 
405 
4 9 
54 3 
135 
68 5 
25 2 
3 0 
38 6 
17 1 
57 9 
37 7 
81 0 
48 8 
132 
48 8 
8 0 
48 8 
55 
0 
35 6 
0 
408 
0 
43 3 
" A-4 = ( [ C H * - 1 [F„ 0 H 2 ])/(|CH,-1 |F4M1 |H*1) 
High concentrations of monovalent canons markedlv 
stimulated the reaction in the apparent order К * < Ci " 
<Na*<NH 4* <Li* (Table III) The stimulation was 
enhanced when the salt concentrations were further 
increased 3 M NaCl. for instance, stimulated about 
5-fold Mg2* stimulates the 5,10-melhenyl-H4MPT 
cyclohydrolase from M thermoautotrophicum [8] and 
the ion is required for the NAD ^ dependent 5,10-meth-
ylene-H4 folate dehydrogenase from Ehrlich ascites 
tumor cells [24] Mg2* (10 mM) or other bivalent 
cations, like Mn2* (5 mM) or Zn2* (5 mM), however, 
had no effect on the dehydrogenase reaction, whereas 
EDTA (10 mM) was not inhibitory. This implies that 
bivalent cations are not required for enzymatic activity 
TABLE III 
Effect of monovalent cations on the 5,10 methylene H4MPT dehydro­
genase from A/ thermoautotrophicum 
Reactions were followed in the direction of 5 10-methvlene-H4MPT 
oiudalion as described under Materials and Methods in the presence 
of 25 μΜ coenzyme F4J0. 19 5 uM 5,10-melhylene-H4MPT. 0 1 ц 
protein in 20 mM potassium phosphate buffer (pH 6 0) and 1 M salts 
as indicated The relative rate of the reaction without additional salt 
was set at 100% and equaled a rale of 22 4 nmol/min 
Salt Relative rate ( Í ) 
- 100 
LiCI 415 
NH4C1 340 
NaCl JO0 
KCl 175 
CsCl 250 
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The 5,10-melhylene-HjMPT dehydrogenase reaction 
is in two respects comparable with 5.10-melhylene-
H4folate dehydrogenase H 4 MPT is a structural and 
functional analogue of H „folate [5] and coenzyme F42(l 
acts in hydride transfer and is as such functionally 
related to the nicotinamide cofactors [25] NADP-de-
pendent 5,10-methylene-H, folate dehydrogenase from 
Clostridium c\lmdrosporum and Salmonella t\phimunum 
are regulated by ATP [26) This compound tested at 
1 25 mM, both in the presence and absence of M g : * 
(2 5 mM) did not affect the dehydrogenase from M 
thermoauiotrophicum Neither did glycine or cysteine at 
concentrations of 0 to 2.5 mM influence the reaction 
As mentioned above. NAD or NADP were not sub­
strates of the melhanogenic dehydrogenase, 1 mM con­
centrations of these compounds, in addition, did not act 
as inhibitors These and the above-mentioned potential 
effectors were tested in reactions in the direction of 
5,10-melhylene-H4MPT oxidation. 
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Fig 4 Linewcaver-Burk kinetic plots of the 5 10-melhylene H4MFT 
dehydrogenase reaction The spcctropholomeinc assays were per­
formed in the direction of 5 10-melhylcne-H4MPT oxidation as de­
scribed under Materials and Methods in the presence of 0 12 pg 
punfied enzvme (A) The reciprocal initial velocities of the reunions 
are plotted vs reciproca] toenzvmc F42û concentrations in the pres-
ence of S IO-melhylcne-H4MPT as indicated (C) Reciprocal reaction 
rates are plotted as a function of reciprocal 5 lO-methylene-H4MPT 
concentrations at the indicated concentrations coenzyme F410 (B) and 
(DÏ represent the double-reciprocal plots of the apparent fm„ values 
obtained from Fig 4A and С vs the concentrations of 5,10-methyl 
ene-H4MPT and of coemyme F4W. respectively 
The sleadv-slate enzvme kinetics were investigated 
bv measuring the initial velocities at various 5 10-meth-
ylene-H4MPT and coenzyme F420 concentrations Re­
ciprocal (Lineweaver-Burk) plots are presented in Fig 
4A and С and show a series of non-parallel straight 
lines, which intersect the respective abscissa at a single 
point left of the ordinate The patterns are indicative of 
a ternary complex (ordered) mechanism. This conclu­
sion was substantiated bv non-linear regression analysis 
of the experimental data by the use of a PC enzvme 
kinetics program [27] From the intercept with the ab­
scissa one mav calculate an apparent K
m
 = 33 μΜ for 
5.10-methylene-H4MPT (Fig 4C) and a K,„ =- 65 μΜ 
for coenzyme F420 (rig 4A) Replols of the reciprocal 
apparent l'
m:lt values obtained from Fig 4A and С vs 
the reciprocal concentrations of 5.10-melhylene-H4MPT 
and of coenzyme F420, respectively, again yielded straight 
lines (Fig 4B and D) From the respective intercepts 
with the abscissa, apparent K
m
 values of 33 and 65 μ M 
for 5.10-methylene-H4MPT and coenzyme F4 2 0 could be 
calculated in agreement with the above-given data Both 
from the Fig 4B and С an identical apparent V
mm
 = 480 
nmol min ' is determined, which equals a maximal 
specific activity of 4000 μ mol · min" 1 mg"' protein 
Discussion 
In this paper we have presented a rather simple 
procedure, which yields with nearly complete recovery 
homogeneous 5 10-methvlene-H4MPT dehydrogenase 
from M rhermoautotrophiium strain J H Previously 
the enzyme had been purified from the ΛΗ [10] and 
Marburg [11.13] strains of the organism, though with 
lower yield and/or lower specific activity It was found 
here that the presence of a suitable detergent was a 
prerequisite for maintenance of the activity of the other­
wise oxygen-stable protein 
The behaviour during purification and the properties 
of the present enzyme clearly differ from those reported 
for formylmethanofuran H 4 M P T formsltransfcrase [7], 
5.10-methenyl-H4MPT cyclohydrolase [8.11] and coen­
zyme F420-dependent 5.10-methvlene-H4MPT reductase 
[12] from the same organism Moreover, apart from the 
5,10-methylene-H4MPT oxidation and 5.10-melhenyl-
H 4 MPT reduction no other enzymic activity could be 
attributed to the dehydrogenase This suggests that the 
enzyme, like the other H4MPT-dependent proteins 
mentioned, is a monofuncuonal enzvme The dehydro­
genase from Λ/ thermoauiotrophiLum strain Marburg 
that was punfied under anoxic conditions by about the 
same factor and to the same specific activity though in 
lower yield (10%) behaved as an hydrogenase. since 
protons and hydrogen rather than coenzyme F420, were 
reported to be involved as substrates [13] Our aerobi-
callv purified enzyme did not show such activity and 
45 
H4 
the laller coenzyme or us derivative·) F ' and h were 
strictly required for enzvmic activity 
The purified dehydrogenase had a specific acliwtv of 
736 /nmol 5.10-meth\lene-H4MPr oxidized per mm per 
mg prolein From Polyacrylamide gel electrophoresis и 
was concluded thai the en/yme is apparenti1, a hexamer 
of six identical 36 к Da subunils From the apparent 
molecular weights and l /
m j i values one mav determine a 
turnover number of 2400 sec ' Ullraviolct-vtsible light 
spectra of the purified enzvme (data nol shown) did not 
point to the presence of (an) absorbing prosthetic 
group(s) Steady-stale kinetics indicated that the en-
zvmic reaction occurs bv a ternary complex mechanism 
Coenzyme F4,0 acts in hydride transfer [25] Thus a 
ternary complex mechanism then, is in agreement with 
a direct transfer of such group between both substrates 
At the experimental conditions (pH 6 0) the oxida­
tion of 5 10-methvlene H 4 MPT is stronglv favoured 
(see Ref 10 and this paper) However at neutral pH 7 
ihe reaction in the direction of 5 10-methenyl-H4VfPT 
reduction (reaction 1) becomes more feasible having a 
К « 0 44 10' M From this value and from the mid 
point potential £ 0 ' - - 350 mV [25] for coenzyme F42() 
one may calculate an £ 0 ' = - 362 mV for the redox 
couple 5 1 0 - m e t h v l e n e - H 4 M P r / 5 10-melhenyl 
H 4 MFT Under hvdrogen atmosphere al 60°C the over­
all reaction (4) in the phvsiological direction of 5 10-
methenyl-H4MPT reduction will be somewhat ex-
ergonic (<1G' - - 10 1 kJ/mol) 
H, J-5 lOmeihenyl H4MPT-5 10 methylene ll4MPT+ H" (4) 
Active transport of sodium ions is known to play an 
important role in methanogenic energy metabolism at 
the reduction levels between CO ; and 5 10-melhvlene-
H 4 MPT [2B-30] Sodium ions present in high con­
centrations markedly stimulated the dehydrogenase re­
action The cation was, however, not specific in its 
action and in Tact the reaction also proceeded using 
enzyme and substrate preparations purified in the ab­
sence of sodium ions After breakage of the cells and 
subsequent centnfugalion all activity was recovered in 
the supernatant which indicates that the dehydrogenase 
is a soluble protein These arguments do not support a 
direct function for the enzyme in the methanogenic 
energy metabolism between the CO, and methylene 
reduction level 
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PURIFICATION AND PROPERTIES OF 5,10-METHYLENETE-
TRAHYDROMETHANOPTERIN REDUCTASE, A COENZYME 
F420-DEPENDENT ENZYME, FROM METHANOBACTERIUM 
THERMOAUTOTROPHICUM STRAIN ΔΗ 
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Purification and Properties of 5,10-Methylenetetrahydro-
methanopterin Reductase, a Coenzyme F420-dependent 
Enzyme, from Methanobacterium thermoautotrophicum Strain Δ27* 
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Ben W. te Brommelstroett, Charles M. H. Henagens, Jan T. Keltjensf, Chris van der Drift, and 
Godfried D. Vogels 
From the Department of Microbiology. Uniumity of Nijmegen. .VL-S525 ED Nijmegen, The Netherlands 
5,10-Methylenetetrahydromethanopterin reductase 
was purified 22-fold to apparent homogeneity from the 
methanogenic bacterium Methanobacterium ther­
moautotrophicum. The enzyme catalyze* the reduction 
of 5,10-methylene- to 5-methyltetrahydr-omethanop-
terin. The electron carrier coenzyme F.io ia specifically 
used as the coaubstrate. The reductase reaction may 
proceed in both directions, methylene reduction is, 
however, thermodynamically favored. In addition, the 
velocity of the reaction in this direction e iceeds the 
reverse reaction by a factor of 2Θ. The reductase is 
composed of a single subunit with an estimated M, = 
35,000. The active enzyme does not contain a flavin 
prosthetic group or iron-sulfur clusters, in contrast to 
5,10-methyienetetrahydrofolate reductases purified 
from eukaryotic and eubactenal sources, which cata­
lyze an analogous reaction as the methanogenic reduc­
tase. 
Most methanogenic bacteria are capable to perform the 8-
electron reduction of С 0
г
 to methane using hydrogen as the 
reductant 11-3) In this process, which involves Tour separate 
reduction steps, the 1-carbon unit remains bound to a number 
of novel 1-carbon earners, as there are methanofuran, 5,6,7,8-
tetrahydromethanopterin (H.MPT)' and 2-mercaptoethane-
sulfomc acid. The intermediate reduction steps proceed by a 
senes of reactions also known from the biochemistry of 
5,6,7.8-tetrahydrofolate (H.folate) except that H.MPT is the 
coenzyme (4-6). The latter compound accepts a formyl group 
bound to methanofuran (7), and the product of the reaction, 
5-formyl-H.MPT, is converted by cyelohydrolase into 5,10-
methenyl-H.MPT (8, 9). In two subsequent reduction reac-
" The costs of publication of ІПІЭ amele were defrayed in part by 
the pavment of page charges This article mut therefore be hereby 
marked "aduertisement" in accordance with 18 U S С Section 1734 
solely to indicate this fact 
Í To whom correspondence should be addressed Dept. of Micro-
biology, Faculty of Science. Toemooiveld. NL 6525 ED Nijmegen. 
The Netherlands, 
§ Recipient of a senior fellowship from the Royal Netherlands 
Society of Arts and Sciences IKNAWI 
1
 The abbreviations used are* Κ,ΜΡΤ, 5,6,7,8-tetrahydromethan-
optenn. H.folate, 5,6.~.S-tetrahydrofolate; coenzyme F,A 7,8-dide-
tnethyl-8-hvdroiy-5 deazariboflavin-5' phosphoryllactylgluianiaie: 
F*. 8 hydroiv-5-deazanboflavin. Fo. e-hydroiy-ä-deazanboflavin-S'-
phosphate. F«, B-OH adenylylated coenzyme Fo», coenzyme F.eH?, 
l,5-dihvdro-coenzyme F.». CHAPS. 3-((3-cholamidopropyl)-di-
methvlammoniol I propanesulfonate: SDS, H u m dodecyl sulfate: 
PAGE, polvacrylamide gel electrophoresis: HPLC. high-performance 
liquid chromatography-, DCP1P, 2,6-dichlorophenoluidophenol: 
FPLC, fast protein liquid chromatography 
tions, Reactions 1 and 2, 5-methyl-rL.MPT is formed. 
5.1U-methenyl-H«MPT + coenzyme F.»H, 
-=-г 5,10-methylene-H,MFT + coenzyme F.B + H* 
5,10-methylene-H4MPT + coenzyme F.»H, 
-=· 5-methyl H.MPT -f coenzyme F „ 
The enzyme catalyzing Reaction 1, 5,10-methylene-rltMPT 
dehydrogenase, was punfied in low yield from Methanobacte­
rium thermoautotrophicum strain ЛЯ by Hartzell et ai (10) 
and very recently also from the Marbur; strain of the orga­
nism (11) The enzyme specifically used the methanogenic 
electron earner coenzyme F.» as the substrate. 
In this paper we report the purification of 5,10-methylene-
H.MPT reductase from M. thermoautotrophicum, «hieb cat­
alyzes Reaction 2. The oxygen-stable protein was also found 
to be stnetly dependent on coenzyme F<Jt. In contrast to 5,10-
methylene-H.folate reductases punfied from a number of 
eubactena and eukaryous (12-16), the H.MPT-dependent 
reductase does not contain a flavin prosthetic group. 
MATERIALS AND METHODS' 
RESULTS 
Coenzyme F,
n
 Dependence of the 5,10-Methylene-HMPT 
Reductase—Crude cell extracts of M thermoautotrophicum 
and methylene-H.MPT reductase punned from this organism 
were able to oxidize 5-methyl-H.MPT. In thoroughly washed 
cell extracts that had been exposed to oxygen ш order to 
inactivate the coenzyme F«B-dependent hydrogenase, the ox­
idation was coupled to the reduction of coenzyme F.» (Fig. 
1). In this case 5,10-methenyl-H.MPT was the endproduct of 
the oxidation, which was confirmed by HPLC analysis of the 
final reaction mixture. This indicates that 5,10-methylene-
H.MPT formed by the reductase reaction was oxidized further 
by che dehydrogenase present in the crude cell extracts. In 
the spectrophotometnc assay a decrease in the absorption at 
420 nm was observed and a concomitant increase at 335 run 
as a result of the reduction of coenzyme F 4 S and the formation 
of 5,10-methenyl-rUMPT and coenzyme F.nH,, respectively. 
From the molar absorbancies ><*> — 24.5 mM"' cm"', n» =• 
22.4 mM'1 cm'1 (8) and «-a, - 8.1 mM"' cm'1 (10) at pH 6 of 
coenzyme F.», 5,10-methenyl-H«MPT, and coenzyme F.joH,. 
respectively, it can be calculated from Fig. 1 that at the end 
of the reaction the concentration of coenzyme F.» had de­
creased by 14 iiM. whereas 7 мм 5.10-methenyl-rLMPT were 
' The "Materials and Methods" are presented in mmipnnt at the 
end of this paper. Mirupnnt is easily read with the aid of a standard 
magnifying glass. Full sue photocopies are included in the microfilxD 
edition of the Journal that is available from Waverly Presa. 
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TABLE [I 
Purification of ñ.ld-rnethyiene-Η,ΜΡΤ reductase from \t. 
therrnoQuintrvpmcum 
The purification was ¿tarred from 10 ml of cell-fret eitrici. En-
zyme assays were performed in the direction of 5*methyl-H«MPT 
oxidation as described under "Matériels and Methods." Units are 
expressed as micromoles of coenzyme F<« reduced per min. FPLC-
PEl. fast protein liquid-chromatoaraph-rxtlyethyleneimine. 
Mfp 
Toial 
protein 
Total 
activity 
Specific 
activity Factor Recovery 
Crude extract 
Ammonium sulfate 
Phenvl-Sepharose 
FPLCPEI 
•Hf 
357 
135 
9.7 
4.2 
Uniti 
120 
юз 
ω 31 
uniU/лЦ 
0.34 
0.76 
8.3« 
7.38 
•Ш 
I 
2.2 
25.2 
21.7 
% 
100 
86 
69 
26 
During the preparation of cell extracta all activity was 
present in the supernatant oí the broken cells that had been 
centrifuged for 20 min at 18.000 χ g. This suggests that the 
reductase ¡a a soluble protein. 10% PAGE of the 22-fold 
purified enzyme revealed a single band (Fig. 3). The molecular 
maas of the enzyme was estimated to be 35.000 Da on the 
basis of PAGE employing different gel concentrations I Fig. 
14). Denaturating SDS-PAGE also showed a single band of 
the same molecular weight, M, - 35,000 (Fig. 4fl(. Concen-
trated active enzyme preparations were colorless, and in the 
UV-visible light spectrum (Fig. 5) no absorbing bands were 
found above 300 nm. This indicates that the reductase does 
not harbor a flavin prosthetic group or iron-sulfur clusters. 
The (broad) temperature optimum of the reductase reaction 
was situated around 40 "C. At 60 'C, which was commonly 
used in our assays and which was a defined optimal temper-
ature of the dehydrogenase,' the velocity of the reductase 
\ B 
эі si }« a 
FIG. 3. Gel electrophoresis of purified 5.10-raethylene-
НчМРТ reductase. The reductase (20 ug of protein; specific activity 
7.38 pmol-min-' mg-1) was subjected to 10?S Polyacrylamide gel 
electrophoresis and subsequently stained with Coomassie Bnlliant 
Blue. 
four minor contaminating proteins were present as judged 
from 10% PAGE. These contaminants could be removed by 
subsequent fast protein liquid chromatography resulting in 
homogeneous reductase preparations (Fig. 3). By this step, 
however, specific activity and the purification factor was not 
increased further. 
5,10-Methylene-H<MPT reductase is an oxygen-stable en­
zyme. Initial attempts to purify the protein, however, were 
accompanied by severe and irreversible losses in activity. 
These losses were avoided when all handlings were performed 
in the strict presence of the zwitterionic detergent CHAPS 
(0.5 гам». Purified enzyme that had been stored at -20 *C for 
about 10 weeks showed no appreciable decline in activity. Yet, 
after this period the protein gradually inactivated, presumably 
as a result of thawing and freezing the enzyme preparations. 
Fie. 4. Estimation of the molecular size of native and SDS-
denatured 5,10-methylenr-rL,MPT reduelas·. Λ. reductase iCl 
and enrymic standards of known molecular weight (9» were subjected 
to Polyacrylamide gel electrophoresis in gels contaiaing 8, 9, 10 and 
ll^e acrylamide. and the individual slopes were determined as speci­
fied under "Analytical Methods." B. SDS-trest«d reductase (Ol was 
subjected to SDS-PAGE in a 10% gel containing 0.1% SDS. The 
enzymic standards (#1 and their molecular weighta are given under 
"Materials and Methods." 
AbsarMnct 
FIG. S. UV-visibleabeorbanceipectrumof 5,10-mMhyUne-
R.MPT redactase from M. ihermoautetrophieum. The spec­
trum of the reductase (0.81 mg/ml; specific activity 7.38 мтоі • min-1 
mg'') was recorded in 20 mM KP, buffer. pH 6.0. containing 0.5 тм 
CHAPS and 1.75 M NaCI. 
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reaction was To'« as compared with the one measured at 
40 'С Λ pH optimum was found at pH Τ 
The reductase reaction was not inhibited by the presence 
of 5 mM EDTA. indicating that bivalent cations are not 
involved in the reaction. NaCl and other salts of monovalent 
cations tested in concentrations up to 3 M had no effect on 
the reactions catalvzed by salt-free enzvme preparations. Nei­
ther did 50 mM MgCl, affect the reaction Monovalent cations 
in molar concentrations and MgCli (50 mM), however, stim­
ulated the dehydrogenase reaction up to five to six times ' 
The potential effectors were tested both in the direction of 
methylene reduction as well as methyl ondation. 
Equilibrium Constant of the 5,10-Methylene-HMPT Re­
ductase Reaction—From the assay presented in Fig. 1. which 
contained 5 5 MM coenzyme F )M. 14 μΜ coenzyme F.nHi. 5 
jiM ö-methyl-Η,ΜΡΤ, and 7 μΜ 5,10-methenyl-H.MPT at 
the end of the reaction performed at pH 6 0 and 60 'C, an 
equilibrium constant iC^j « O U x 10~* M mav be calculated 
for the reaction I Reaction 3) 
2 coenzyme F.MH. •• 3,10-merhenyl Η,.ΜΡΤ 
= 2 coenzyme F,
a
 + 5-raeihyl-H.MPT ·*• H* 
13) 
An additional method was tried to assess this reaction 
equilibrium Therefore, a series of reaction mutures contain­
ing 5,10-methenyl-H<MPT and crude cell-tree extracts were 
incubated under various partial hydrogen pressures at €0 'C 
as. desenbed under "Materials and Methods." At the end of 
the reactions, samples were analvzed by HPLC. In all cases 
onlv 5,10-methenyl- and 5-methyl-H.MPT were detected in 
concentrations depending on the hvdrogen pressure applied 
(Fig. 6). indicating that the overall reaction (Reaction 4) had 
taken place 
2 H. * UO-melhtnyl-rLMPT ж ó-mcthyl-H.MPT + Η* 14) 
For the reaction it holds that 
I-. tneihvl H.MPT1 |H' | 
K„. : ; (roolar/atm-) I i LO mrtheml H.MPT| (pH,)' 
In Fig 6 the square of the partial hydrogen pressure is plotted 
f $.m»|R f | M t MPf' 
(SO m«M*rl » V * 4 
Fic 6 The hydrogen-dependent reduction of 5.10-meth· 
enyl-HjMPT. A series of reaction mixtum (160 μ|) containing 65 
μΜ 5.10-niethenyl Η,.ΜΡΤ and 31 μΜ coenzyme F.» m 20 m M KP, 
buifer pH Τ 0 and 1 ілм dithiothreitol were prepared in ΙΟ-mi serum 
boules end tncuhaied in the presence each of 10 μΐ of coenzyme-
depleted cell free extract (0 2 mg of protein) at 60 *C under various 
Damai hvdrogen prnsum ax described under "Maunala and Meth­
ods " After 60 mm. samples were withdrawn and analvzed by HPLC 
to determine the 5 10-methenyl and 5-methyl-H«MPT concentra­
tions 
aa a function of the ratio of the 5-methyl- and 5, l0-raethen\ 
H4MPT concentrations. This yields a straight curve with the 
slope being [Н'\/Кщ.„ which gives a K .^. - 4.8 χ 10"' M/atm 
at 60 'C. Since the midpoint potentials of hydrogen '£ό = 
-414 mV) and of coenzyme F«o (£ i - -350 mV, Ref. 23) are 
known, one may obtain by use of the common thermodynamic 
relationships AG" - -nFA£i and ,1G° - - Д Л п i t , a гСц, = 
0 64 χ 10'' M. This value is close to the above spectroscopi 
cally determined ¡C^¡ - 0.11 x 10"" M. For the coenzyme F,w-
dependent 5,10-metbylene-H.MPT dehydrogenase reaction 
(Reaction 1) an equilibrium constant K^, — 0.44 X 10*" м 
was determined." Hence, one may estimate from these values 
a K„_· =• 1 5-2.5 for the reductase reaction. A higher K.u " 
10 may be derived from the relationship Km • kiJtmnU 
k- , . . , ^ at which the rate constants were calculated from the 
initial rates and substrate concentrations at the s u n of the 
reactions as given in Table I. It is, however, possible that the 
reaction rates in the direction of 5-methyl-H.MPT oxidation 
determined at the experimental conditions are too low. which 
results in an overeatimation of the equilibrium constant In 
this respect it is remarkable that methyl oxidation measured 
with the punned reductase only proceeded in the presence of 
5,10-metnylene-H4MPT dehydrogenase; on thermodynamic 
grounds the reaction should also proceed in the absence of 
the dehydrogenase. 
DISCUSSION 
á,10-Methylene-rL.MPT reductase was purified from .Vf 
thermoauXotrophicum by a factor of 22 to elecrrophoretic 
homogeneity The purification factor indicates that the pro-
tein is one of the major enzymic components present in the 
organism in agreement with a role m the central cell metab-
olism. The reductase is capable to perform the reversible 
conversion of 5,10-methylene- and 5-methyl-rLMPT, al 
though the reduction is thermodynamically favored. 5-
Methyl-Η,ΜΡΤ oxidation only occurred when coupled to the 
exergonic 5,10-methylene-H.MPT dehydrogenase reaction. 
In addition, the velocity of the reaction in the physiological 
direction of methyl formation exceeded the reverse step by a 
factor ot 26. The reductase was stnetly dependent on coen­
zyme F i M. and only its derivative F* could substitut· to some 
extent. The former compound is present in cells of methano­
genic bacteria in amounts as high as 2.5 μιηοΐ/g protein (23) 
Moreover, organisms like M thermoautotrophieum contain 
coenzyme F<s-dependent hydrogenase activities up to 1.2 
μπιοΙ/min mg protein, and the enzyme comprises 2-2.5% of 
the total cell protein (24). Coenzyme F<2I functions in hydride 
transfer analogous to NAD* and NADP\ but with a lower 
redox potential than these nucleotides (25). All this suggested 
a crucial role for coenzyme F.M in methanogenic electron 
transfer and, indeed, in crude and partially purified systems 
the compound was shown to be active in quite a number of 
catabohc and anabolic reactions (I). Nevertheless, the reduc­
tase represents only the second example, next to the methyl-
ene-H.MPT dehydrogenase (10, 11), of a purified enzyme of 
the methanogenic route that uses coenzyme F.ze-
The 5,10-methylene-H.MPT reductase reaction has a close 
analogy m the 5,10-raethylene-H,folate reductase step. The 
enzyme catalyzing the latter reaction was punned from rat 
and pig liver ( 14-16). as well as from Escherichia coil ( 12) and 
from the acetogen Clostridium formicoaceticum (13). The 
mammalian proteins use NADPH as the cosubstrate, which 
underlines the analogy considering coenzyme F.» as the func­
tional analog of NAOPH In the enzyme from C. formicoace­
ticum ferredoxin was suggested to be the physiological elec­
tron earner, whereas the electron donor of the E. coll enzyme 
51 
is vet unknown All these reductases contained noncovalently 
hound FAD as л prosthetic group 112-16). The reaction mech­
anism of the 5,10-meihvlene-H,folate reduction was proposed 
to involve a nng opening to form a ö-iminium cation, subse-
quent tautomenzation to 5-methylquinonoid H]folate. fol-
lowed by a reduction to 5-methyl-H,folate (26-28) FADH" 
then mediates in the electron transfer in the latter reduction. 
Artificial and natural 1-electron earners could substitute for 
the physiological substrates in the overall and partial reac-
tions. In this respect it is surprising that the H.MPT depend-
ent reductase does not harbor a flavin or iron-sulfur clusters, 
whereas I -electron earners were inactive. If the methanogenic 
reaction proceeds by the same mechanism as the one catalyzed 
by the Htfolate-dependem reductase, coenzyme ?iX must act 
more directly in the electron transfer to and from the pterin 
moiety. As mentioned above, the methanogenic reaction is a 
reversible one in contrast to the unidirectional 5,10-methyl-
ene- to 5-methyl-Hifolate reduction 112, 14, 16). 
Using hydrogen as the source of electrons, the reduction of 
5,10-methylene-rL.MPT in methanogenic metabolism (Reac-
tion 5) 
H, + 5.10-raethyl«ie-H,MPT — SmethylH.MPT (51 
is an exergonic reaction for which a AC' » -14 kJ/mol may 
be calculated at 60 'C and pH 7 from the above determined 
average ÍC, .· = 2 and the midpoint potentials of hydrogen and 
coenzyme Fta at 60 'C and pH 7. The particular reaction 
(Reaction 5) was proposed to be of interest in energy conser-
vation (29, 30). Studies with whole cells of Methanasamna 
barken, which otherwise also contains a coenzyme F<a-de-
pendent reductase.' showed that the conversion of formalde-
hyde, a direct precursor of methylene-HiMPT, to the methyl 
state of reduction was coupled to sodium extrusion in whole 
cells, resulting in the generation of a sodium motive force 
(30). This sodium transport was allocated to the methylene-
to methyl-H.MPT reduction (30). The present findings do 
not supporr a role for the reductase isolated in an active form 
described above as the sodium-translocating protein All ac-
tivity after disruption of the cells and subsequent centnfuga-
tion was present in the supernatant, which indicates that the 
reductase is a soluble rather than an integral membrane 
protein. However, a loose association with the membrane 
cannot be excluded: phenyl-Sepharose column chromatogra-
phy pointed to a rather hydrophobic nature of the reductase. 
Indeed, methyl coenzyme M reductase and coenzyme Fin-
dependent hydrogenase also behaved as soluble proteins upon 
cell disruption, whereas immuno-gold labeling showed the in 
ишо association with the cell membrane (31-33). A second 
argument against a role for the reductase as a sodium trans­
porter is that reactions catalyzed by salt-free enzyme prepa­
rations were independent of sodium ions. 
4
 В W le Brommelstroei and i Τ Keltjens. unpublished results. 
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Cell Material- Hethanobacteriwn thermaoutctrophicum , strain ΛΗ (DSM 1053). 
was grown under ΘΟϊ Η,/ 20» C0¿ in a 300-1 fennentor and harvested at the end 
οΓ the exponential growth under nitrogen atmosphere as described before (17). 
Cell-free extracts were prepared anaerobically at 1 °C by suspending whole 
cells (1:1. w/v) in 20 mM KP, buffer. pH 7.0. followed by two successive 
passages through a French Pressure cell operating at '38 MPa. Cell debris 
were removed by centnTugation at 18.000 χ g for 20 min. The supernatant, 
referred to as crude cell-free extract, was collected and stored at -70 °C 
until further use. Coenzyme-depleted extracts were prepared by extensive 
washing the crude extracts on a PM 30 (Amicon) membrane with the phosphate 
buffer containing 0.5 mM CHAPS. 
Analytical Methods- HPLC analyses were performed as described previously 
(18). Separation took place on a precolumn (50x2.1 mm) of 37 to 50-um C,j 
Corasil (Maters Associates. Milford. MA) connected to a 10-um LiChrosorb RP-
18 (Merck AC. Darmstadt. FRG) column (25 cm xl mm.i.d.) using (Α) 10 mM 
sodium formate buffer, pH 3-0, and (B) 50» methanol in distilled water as 
solvent systems. The solutions were sparged with oxygen-free nitrogen gas for 
at least one hour before the start and during the analyses. Separation was 
achieved by a 10-min linear gradient of 0 to 50» (B) at an elution rate of 2 
ml rain; detection took place at 260 nm. Under these conditions the following 
retention times (min) were obtained: H.MPT. 11.85; 5-methyl-H4MPT, 11.00: 
5.10-methenyl-H,MPT, 16.^0: 5.10-meth.vlene-H.MPT. 19.Ю; coenzyme F 4 M . 
21.50. Concentrations were determined from calibration curves prepared for 
the authentic compounds. 
Recording of LV-visible light spectra and the spectrophotometry assays 
'took place either on a Hitachi U-3200 spectrophotometer or on a Hewlett-
Packard 8І52 diode array spectrometer connected to a Vectra ES/12 computer 
equipped with thermostatted cuvette holders. 
Enzyme concentrations were determined with bovine serum albumin as the 
standard by the Coomassie brilliant blue G-250 protein binding assay 
according to Sedmak and Grossberg (19) 
Polyacrylamide gel electrophoresis (PACE) was performed according to 
Lacmmli (20). Proteins were stained with Coomassie brilliant blue G-250. The 
molecular weight of the native reductase was estimated from PAGE by the 
method of Hedrick and Smith 121) emplo>ing slab gels with 8,9.10 and 11V 
acrylamide. Relative mobilities (R,„) of the reductase and the enzymic 
standards were determined and slopes were obtained from 1001ogl00xR„, versus '. 
acrylamide plots. The following enz\mes served as the standards: х--amylase 
(15.000); alkaline phosphatase (100.000): bovine serum albumin, monomer 
(68,000). dimer (136,000) and trimer (204,000). Determination of the molecu­
lar mass of the SDS-denaturated protein was performed by SDS-PAGE in a 10S 
gel containing 0.1S SDS according to Laemmli (20);ы.-lactalbumin (11,100). 
soybean trypsin inhibitor (20,100). carbonic anhydrase (30,000), ovalbumin 
(13,000), albumin (68,000) and Phosphorylase b (91.000) were used as the 
standards. 
Materials- Phenyl-Sepharose CL-'tB and the molecular weight calibration kits 
were purchased from Pharmacia Fine Chemicals (Uppsala. Sweden). WP-PEI FPLC 
material. 10 urn Bonded-Phase 0ctadec>l Сщ and methanol (HPLC grade) were 
obtained Ггош J.T. Baker (Deventer, The Netherlands). CHAPS. FAD and F4N were 
from Boehringer (Mannheim, FRC) and Serva Blue С for the protein determina­
tion was from Serva Feinbiochimica (Heidelberg, FRG). N,N'-methylene-bis-
acrylamide (BIS). SDS, and ammonium persulfate were bought from Bio-Rad 
Laboratories (Richmond. CAL). NAD·. NADP-, NADH. NADPH and N.N.N'.N'-
tetramethyl-ethylenediamine (TD1ED) were from Sigma Chemical Corporation (St. 
Louis. M0). Benzyl nologen was from BDH Chemical LTD (Poole, England) and 
methylene blue and DCPIP were purchased from Merck AG (Darmstadt. FRG). F*, 
F3 and F^ 0 were kindly provided by S.W.4. Kengen from our laboratory. Casses 
were obtained from Hoek-Loos (Schiedam. The Netherlands). Nitrogen and 
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hydrogen-containing casses »ere made oxygen-free by passage at 150 °C over a 
prereduced R3-11 and at ambient temperature over a R0-20 catalyst, respecti­
vely. The catalysts were a gift from BASF (Ludwigshafen. FRC). 
Preparation of the substrates- H.MPT was purified under strictly anaerobic 
conditions from boiled cell-free extracts of .f. thermoautotrophiewn by 
published procedures (U.17) ; the concentration of the compound was determined 
enzymically by the methylene-H.MPT dehydrogenase ("FAF") assay (4). 5.10-
4ethenyl-H..HPT was purified from boiled cell-free extracts of the organism as 
described previously (17).5-4ethyl-H .MPT was synthesized enzymically and 
purified under strict exclusion of oxygen from partially purified h\MPT 
according to (17) with some modifications. Therefore, a reaction mixture (22 
ml) containing 0.66 pool H.MPT. 100 umol formaldehyde, 0.27 umol coenzyme 
F„>0 and 1 ml PM 30-filtrated crude cell extract in 35 mM KP, buffer, pH 7-0. 
^as prepared in a 50-ml serum bottle placed inside a glove-box under 97.5» 
Ν. 2.5Γ. h\ atmosphere. After closing the bottle and gassing with 10i Pa 
hydrogen gas, the reaction mixture was placed on ice for 15 rain and 
subsequently incubated at 60 CC. After 10 min incubation the reaction was 
completed as judged from HPLC analysis. Next, anoxic acetic acid was 
carefully added to reach pH 3 and insoluble material formed was removed by 
centrifugation. The clear yellow supernatant was applied to a column (29x1-8 
cm) packed with Bonded Phase-octadecyl C,ς (40 um). Prior to use the column 
was activated and equilibrated by subsequent washings with each 100 nl 100X 
methanol, distilled water and 2 M NaCl in 20 ra.4 KP, buffer. pH 5- The column 
was developed with two successive linear gradients of 0.5 Η to 0 M NaCl (200 
ml) and of 0 to 10% methanol (200 ml) both in the KP, buffer. 5-Methyl-H,,MPT 
was eluted at 6ï methanol. The latter solvent was removed by rotary 
evaporation. 5-Methyl-H MPT was judged to be pure on the basis of the 
following criteria: (1) HPLC analysis showed a single peak, (2) the UV-
absorption spectrum was identical to the one reported (5) and (3) the high-
resolution 600 MHz 'H-NMR spectrum taken in 2H20 was in full agreement with 
the published spectrum (5)· The concentration of stock solutions of the 
compound was determined fron the absorption at 295 na «¿qç· 8.6 вМ-'сш-1,5) · 
Coenzyme Fí20 was purified form boiled cell-free extracts of H. 
thermoautotrophioM essentially according to Eirich et al [22); concentra-
tions were determined spectrophotometncally either at 420 no and at pH 8.85 
for which ал t-иго' **5·5 mM-'cm-1 is given (22) or 1*01 nm. At the letter 
wavelength the UV-visible light absorption spectra show an isosbestic point 
with an£ i 0 1* 26.9 пИ-'св'1 (22). The molar absorbancies at 420 nm at the pH 
used in the assays were derived from the above values on the basis of an 
absorbance versus pH plot. Reduced coenzyme F4î0 (coenzyme F;2oH;) was 
prepared by chemical reduction with sodium borohydride; all handlings were 
carried out inside a glove-box. To 10 ml 1.2 mM coenzyme F420 solid 
borohydride was slowly added until the solution did not show a fluorescence 
upon irradiation with long-wave (366 nm) UV-light. The reaction mixture was 
applied to five in series connected Sep-Рак C,g cartridges (Waters) activated 
with 1001 methanol and distilled water and equilibrated in 20 mM KP, buffer, 
pH 6, containing 2 H NaCl. After application of the sample the cartridges 
were extensively washed with the buffer and, next, with distilled water to 
remove borate. Coenzyme Fij0H} was eluted with 102 methanol and the pool 
collected was concentrated by rotary evaporation. The concentration of the 
compound was calculated from the increase in the absorption at 420 nm and at 
pH 8.85 after oxidation by air in the presence of a small amount cell-free 
extract; the preparations contained 932 coenzyme Fi,i0H2. 
Enzyme Assays- Routinely the reductase reaction was measured spectrophotome­
tncally in the direction of 5-methyl-H4MPT oxidation coupled to coenzyme 
F 4 2 0 reduction in the presence оГ excess 5.10-methylene-HiMPT dehydrogenase 
purified from H. thermoautotTophtcum J. The reaction rates were calculated 
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from the rate of decrease of the absorption at 420 nn taking <.t20= 33-8 mM-
ісв-
1
 at pH 7.0 used in the assays. The reaction mixtures (2.0 ml) were 
prepared inside the glove-box in 3.0-ml cuvettes and contained 84 пшоі 5-
methyl-Η,,ΜΡΤ. 120 nmol coenzyme ?i20. 50 ЦІ dehydrogenase (5.9 ug protein. 
1.6 units) in 20 BM KP, buffer. pH 7-0. The cuvettes were closed with grey 
butyl rubber stoppers, evacuated and gassed with oxygen-free nitrogen gas. 
After prewarmng the cuvettes to 60 °C reactions were started by the addition 
of 10 to 50 ul enzyme solution by means оГ a gas-tight syringe flushed with 
m trogen gas. 
Reductase activity in the direction of 5.10-methylene-HtMPT reduction 
coupled to coenzyme Fti0H, oxidation was measured spectrophotometncally by 
following the increase of the absorption at 420 nm. The anoxic reaction 
mixtures (2.0 ml) in 20 mM KP, buffer, pH 7.0. contained 84 nmol coenzyme 
FiioHi. 60 nmol H.HPT and 10 pmol formaldehyde. The reactions were measured 
at 60'°C and were started by the addition of 10 to 50 ul enzyme solution. 
One unit of enzyme activity is defined as the amount, which catalyzes 
the reduction or oxidation оГ 1 ишоі coenzyme F,¿0(H2) per min; specific 
activity is given in units per mg protein. 
The hydrogen-dependent reduction of 5. lO-methenyl-H/.HPT to 5-methyl-
Η,ΜΡΤ- A series of reaction mixtures (160 ul) containing 65 μΜ 5,10-methenyl-
HtMPT 31 uM coenzyme F¿¿0 and 10 μΐ coenzyme-depleted anaerobic cell 
extract (0.2 mg protein) in 20 mM KP, buffer. pH 7-0. containing 1 mM 
dithiothreitol was prepared m the glove-box in calibrated 10-ml serum vials. 
The vials were closed with red butyl rubber stoppers and gassed with nitrogen 
gas (10' Pa) to which known amounts of hydrogen gas were added. The serum 
bottles were placed on ice for 15 min and subsequently incubated Гог 60 min 
at 60 °C to complete the reaction. Hereafter aliquote of the reaction 
mixtures were withdrawn by means of a gas-tight syringe and immediately 
analyzed by HPLC. 
Purification of Methylene-HiMPT Reductase from H. thermoautotTophtciun - Since 
the reductase was found to be oxygen-stable, the purification procedure was 
performed under aerobic conditions at 4°C. All solutions used including cell-
free extracts, equilibration and separation buffers were supplemented with 
0.5 mM CHAPS: the presence of the detergent was essential to maintain the 
activity of the enzyme. The reductase was purified starting from 10 ml crude 
cell-free extract. 
Step 1. Ammonium sulfate fractionation- To 10 ml cell-free extract 15 ml 
aqueous saturated ammonium sulfate was slowly added overnight under gentle 
stirring. The solution was centnfuged for 15 min at 49.500 χ g and the 
supernatant, which contained the reductase, was collected. 
Step 2. Phenyl-Sepharose- The supernatant (22.5 ml) was brought on top of a 
column (21x1.7 cm) packed with phenyl-Sepharose CL-4B and equilibrated with 
two bed volumes of 2.0 M NaCl in 20 mM KP, buffer. pH 6.0. Elution took place 
with a linear gradient (200 ml) of 2 to 0 M NaCl, followed by a linear 
gradient (200 ml) of 0 to 50X ethylene glycol, all in the phosphate buffer. 
The reductase was eluted in a total volume of 89 ml between 15 and 252 
ethylene glycol. 
Step 3. WP-PEI FPLC- FPLC was performed on the Perkin-Elmer system equipped 
with a Baker WP-PEI column (11.5x1.3 cm), which had been equilibrated with 20 
mM KP, buffer. pH 6.0. Equilibration and separation was performed at a 
constant flow rate of 0.8 ml/min under a pressure of 300 KPa; the eluate was 
monitored at 280 nm and 1.6-ml fractions were collected. After application 
of the pool of the previous step the column was washed for 10 min with the 
equilibration buffer, followed by a 90-min linear gradient of 0 to 3 H NaCl 
in this buffer. The reductase was eluted between 1.8 and 2.4 M NaCl. Portions 
of the pool were concentrated and desalted on a PM 30 filter by washing with 
the KP, buffer. 
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PURIFICATION AND PROPERTIES OF 5,10-METHYLENETE-
TRAHYDROMETHANOPTERIN DEHYDROGENASE AND 5,10-
NŒTTIYLENETbTTUHYDROMETHANOPTERIN REDUCTASE, 
TWO COENZYME F420-DEPENDENT ENZYMES, FROM 
METHANOSARC1NA BARKERI 
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of 5,10-methylenetetrahydromethanopterin dehydrogenase 
and 5,10-methylenetetrahydromethanopterin reductase, two 
coenzyme F420-dependent enzymes, from Methanosarcina barken 
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Key words: Methylenetetrahydromethanoptenn dehydrogenase; Metbylenetetrahydromcthanoptenn reductase. 
5,6,7.8-Tetrahvdromethanoptenn; Coenzyme F420. CAf barken) 
5,10-Methylenetetrahydromethanopterín dehydrogenase and 5,10-methylenetetrBhydromethanopterin reductase have 
been purified to homogeneity by a factor of 86 and 68, respectively, from methanol-grown Methanosarcina barken 
cells. The dehydrogenase was isolated as a hexamer of a single 35 kDa subunit, whereas the reductase was composed 
of four identical 38 kDa subunits. The purified oxygen-stable enzymes catalyzed the oxidation of 5,10-methylene-
tetrahydromethanopterin and methyltetrabydromethanopterin with V values of 3000 and 200 μ mol min "' mg "', 
respectively. The methanogenic electron carrier coenzyme F4M was a specific electron acceptor for both enzymes. 
Steady state kinetics for the two enzymes were in agreement with ternary complex (sequential) mechanisms. 
Methylene reductase and methylene dehydrogenase are proposed to function in the methanol oxidation step to CO,. 
Introduction 
The pathway of CO
:
 conversion into methane (Eqn. 
1) by methanogenic bacteria is presently well under­
stood [1-3]. In the initial step CO, is reduced and 
concomitantly bound to the one-carbon carrier 
methanofuran, and formylmethanofuran is formed. In 
a series of 5,6,7,8-tetrahydromethanopterin (H4MPT)-
dependent reactions the formyl group is first trans­
ferred to Η
 4 MPT resulting in formyl-H4MPT. The 
latter compound is subsequently converted by cyclohy-
Abbrcviations. H 4MFT. 3,6,7.8-tetrahydromethanopterin; F 4 m . 7.8-
didenwihyl-5-deazanboflavin-5'-phosphoryllacrylgiutarnate; F~, 8-hy-
droiy-5-deazanboflavin-5 '-phosphate; F0, 8-hydroxy-5-oeazanbofla-
vin; F 4 a ) H,, 1.5-dihydro-coenzyme F4 M, F J W , Í-OH adenylylated 
F420, CHAPS, 34(3-cholaniidopropyl>-dimethylammomo)-l-prOpane-
sulfonate: HPLC high-performance liquid chromatography; FPLC 
fast-protein liquid chromatography: SDS, sodium dodecyl sulfate: 
PEI. polyethyleneimide. 
Correspondence: J.T. Keltjens, Department of Microbiology, Faculty 
of Science. University of Nijmegen. Toernooiveld. NL-6525 ED 
Nijmegen. The Netherlands. 
drolysis into 5,10-methenyl-H4MPT (methenyl-
НдМРТ), which is reduced via 5,10-methylene-H4MPT 
(methylene-H4MPT) into methyl-H4MPT. In the hy-
drogenotrophic organism Methanobactenum thermoau-
totrophicum methenyl-Η,ΜΡΤ reduction may be cat­
alyzed by two distinct enzymes that either use reduced 
coenzyme F420 [4—6] or hydrogen gas [7] as the reduc-
tant. For methylene-H4MPT reduction in the organism 
a F420-dependent reductase has been described [8.9]. 
Following the transfer of the methyl group of methyl-
H4MPT to 2-mercaptoethanesulfonic acid (Coenzyme 
M), methylcoenzyme M is produced, which is the sub­
strate of the terminal step of methanogenesis. 
4Hj +CO, - C H 4 +2HjO (JC 0 - - -131 kj/mol CH4) 
(1) 
4CHjOH -3CH 4 +CO, +2H 2 0 ( JC°" - -107 U/mol CH4) 
(2) 
A number of methanogenic bacteria - includine 
Methanosarcina barken, the organism studied here -
are capable of growth on methanol (Eqn. 2). Three-
quarters of the substrate is reduced, via methylcoen-
zyme M, to methane. The rest of the substrate is 
oxidized to CO, in order to generate the reducing 
equivalents for the methyl group reduction. The way 
methanol oxidation proceeds is not completely estab-
lished. In M. barken grown on methanol formyl-
methanofuran dehydrogenase [10], formylmethanofu-
ran: H 4 MPT formyltransferase [11] and methenyl-
H4MPT cyclohydrolase [12] are present in high activi-
ties and have been isolated and characterized. This 
implies that the oxidation pathway at least partly pro-
ceeds by the CO, reduction route outlined above, 
though in the opposite direction. In addition, methy-
Iene-H4MPT reductase (methylene reductase), which 
catalyzes reaction (3), has been purified from the 
methanol-grown organism [13]. Methanol conversion 
into CO
 2, thus, may start from the level of methyl-
H4MPT. Oxidation of the latter gives methylene-
H4MPT, which subsequently has to be oxidized into 
methenyl-H4MPT (reaction 4) catalyzed by methylene-
H4MPT dehydrogenase (methylene dehydrogenase). 
The latter reaction has not as yet been studied in detail 
in M. barken. 
meüiyl-H4MPT+coenzyine F4I1 
••5,10-inethylene-H4MPT + a]enzyineF.a|H2 (3) 
5,]0-me(hylene-H4 MPT-(-coenzyme FtM 
·* S.IO-methcnyl-H.MPT+coenjyme ?,
х
Н
г
 (4) 
In the paper by Ma and Thauer [13] reaction (3) was 
only measured in the direction of methylene-H4MPT 
reduction. Here, we focused on the reaction as it may 
occur under physiological conditions during growth on 
methanol, viz. methyl-H4MPT oxidation. In addition 
the presence, purification and some of the properties 
of methylene dehydrogenase of M. barken are de­
scribed. 
Materials and Methods 
Organisms and extracts. M. thermoautotrophtcum 
strain ΔΗ (DSM 1053) and M. barken stram MS 
(DSM 800) were grown in a 300 1 fermentor on syn­
thetic medium under 80% hydrogen/20% C 0 2 [14], 
and under an 80% nitrogen/20% C 0 2 atmosphere 
with 250 mM methanol [15], respectively. Cells were 
harvested at the end of exponential growth and stored 
at - 70°C under a nitrogen atmosphere until use. Cell-
free extracts of M. barken were prepared by suspend­
ing whole cells (1:1, w/v) in 100 mM Tns-HCl buffer 
(pH 7) and passing the suspension twice through a 
French Pressure Cell operating at 138 MPa. The sus­
pension was centrifuged for 20 mm at 18000 Xg and 
4°C for removal of cell debns. Boiled cell-free extracts 
for cofactor purification were prepared under anoxic 
conditions from cells of M. thermoautotrophtcum by 
suspending whole cells (1.1, w/v) in 30 mM sodiui 
acetate buffer (pH 4) that contained 1 mM dithi 
threitol. The suspension was placed in a boiling watt 
bath for 1 h and, after cooling, the slurry was cen­
trifuged anaerobically for 40 mm at 18 000 χ g and 4°C. 
The supernatant was carefully decanted in an anaero­
bic glove box and was stored at - 70°C under a nitro­
gen atmosphere until further use. 
Punfication of the substrates. H 4MPT and F 4 2 0 were 
purified from boiled cell-free extracts of M. thermoau­
totrophtcum as described before [5,8). Methyl-H4MPT 
was prepared and purified under strict anoxic condi­
tions from methylene-H4MPT, which is non-enzymi-
cally formed from H 4 MPT and excess formaldehyde, 
according to two previously reported procedures [5.8]. 
The first method consisted of reduction of methylene-
H„MPT under hydrogen (200 kPa) at 60°C in the 
presence of catalytic amounts of F 4 2 0 (12 μΜ) and 
cell-free extract of M. thermoautotrophtcum that had 
been freed of cofactors by repeatedly washing with 20 
mM potassium phosphate buffer (pH 7) on an Amicon 
PM 30 filter [8]. In the second procedure methylene-
H 4 MPT was incubated under nitrogen with catalytic 
concentrations of F 4 2 0 and methylene dehydrogenase 
[5] and methylene reductase [8] purified from M. ther­
moautotrophtcum. Under these conditions the sub­
strate was converted into methyl-H4MPT and 
methenyl-H4MPT [12]. 
Reduced F 4 2 0 (F 4 2 0 H 2 ) was prepared anaerobically 
by reduction of F 4 2 0 with sodium borohydnde and 
subsequent C, g column chromatography as described 
elsewhere [8]. 8-OH adenylylated F 4 2 0 was enzymically 
prepared from F 4 2 0 and ATP and subsequently purified 
as specified in [16]. 
Enzyme assays. Reactions were followed spectropho-
tometncally by measuring the increase of the absorp­
tion at 335 run, which is the absorbance maximum of 
methenyl-H4MPT ( t 3 3 J - 21.6 m M - 1 cm" 1 ) [17], the 
decrease of the absorption at 401 run as a result of F 4 2 0 
reduction («<„, - 27.6 m M - 1 cm" 1) [18], or simultane­
ously at both wavelengths. When reaction rates were 
calculated on the basis of the absorption at 335 run, 
values were corrected for the contribution of reduced 
F 4 2 0 («3JJ — 8.0 m M " ' cm" ' ) at this wavelength. 
The assays were performed in stoppered cuvettes 
under nitrogen. Anoxic reaction mixtures were pre­
pared inside a glove box. After prewarming the cu­
vettes to 37°C reactions were started by the addition of 
enzyme fraction (10-50 μΐ) by use of a gas-tight syringe 
flushed with nitrogen. 
Standard reaction mixtures (2.0 ml) for the methy­
lene dehydrogenase assay contained 116 nmol F4 2 0,140 
nmol H 4 MPT and 10 μ mol formaldehyde in 100 mM 
Bistris propane buffer (pH 6.5). 
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Methylene reductase activity was measured in reac-
ion mixtures (2 0 ml) containing 130 nmol methyl-
-I4MPT and 116 nmol Fa20 in 100 mM Tns-HCl buffer 
pH 70) and excess methylene dehydrogenase (7 5 μ g, 
ι 5 units) purified from W thermoautoirophicum [5] 
Purification of the enzymes Methylene dehydro­
genase and reductase were purified aerobically at 4°C 
>y procedures summarized in Tables I and II, respec-
lvely If not stated otherwise all of the following buffers 
ised routinely contained 0 5 mM CHAPS and, after 
he TSK-buryl step, 10% ethylene glycol, the corn-
rounds were added to stabilize enzyme activity 
To 10 ml cell-free extract of M barken, 10 ml 
.arurated ammonium sulfate in water was added drop-
vise under gentle stimng over a period ot approx 4 h 
\fter stimng for an additional 12 h the solution was 
¡entnfuged at 49 000 x g and 4°C for 20 min The 
»upernatant containing both enzymes was applied to a 
Fractogel TSK-butyl 650 column (6 5 x 1 8 cm) equih-
jrated with 3 M ammonium sulfate in 20 mM potas-
>ium phosphate buffer (pH 7) The column was washed 
with 20 ml 3 M ammonium sulfate and developed with 
ι linear gradient (500 ml) of 2 to 0 M ammonium 
lulfate in 20 mM potassium phosphate buffer (pH 7) 
Die dehydrogenase and reductase coeluted at a con-
xntration of 1 to 0 4 M ammonium sulfate Fractions 
:ontaining both enzymes were pooled, concentrated 
ind desalted by ultrafiltration (Amicon PM 10) after 
addition of ethylene glycol to a final concentration of 
10% The desalted and concentrated enzyme prepara­
tion was applied to a column ( 1 1 x 2 8 cm) packed with 
Q-Sepharose Fast Flow In order to separate the dehy­
drogenase and the reductase the column was devel­
oped successively with a lmear gradient of 0 to 150 mM 
NaCl (60 ml), an isocratic step of 150 mM NaCI (180 
ml), a lmear gradient of 150 to 200 mM NaCl (10 ml) 
and finally an isocratic elution of 200 mM NaCl (120 
ml) all m 20 mM potassium phosphate buffer (pH 7) 
and 10% ethylene glycol The dehydrogenase was col­
lected from the first (150 mM NaCl) and the reductase 
from the second isocratic (200 mM) step Fractions that 
were eluted with the 150 to 200 mM linear gradient 
contained both enzyme activities and were discarded 
Hereafter, the purification was continued separately 
for both enzymes The two enzyme pools were concen­
trated by ultrafiltration (Amicon PM 10) and loaded on 
to a Sephacryl S-300 column (90 x 2 8 cm) The column 
was eluted (flow rate 0 3 ml/nun) with 200 mM KCl in 
25 mM Tns-HCl (pH 7) and 10% ethylene glycol 
Active fractions from both separations were pooled 
and desalted by carefully washing with 25 mM Tns-HCl 
(pH 7) and 10% ethylene glycol on an Amicon PM 10 
filter Methylene dehydrogenase and reductase were 
brought to homogeneity by FPLC on a PEI column 
(10 x 1 0 cm) The column was developed at a flow rate 
of 1 0 ml/nun with a linear gradient of 0 to 1 M KCl in 
50 mM Tns-HCl (pH 7) and 10% ethylene glycol Both 
the dehydrogenase and the reductase were eluted at 
900 mM KCl 
HPLC analyses HPLC analysis of the coenzymes 
was carried out either Ά ) at ambient temperature on a 
Waters liquid Chromatograph equipped with Model 
6000 and M45 pumps, a M660 Gradient Programmer, a 
U6K injector, and a model 450 variable-wavelength 
detector or (B) at 40°C on a HP 1084B liquid Chro­
matograph (Hewlett Packard) connected to a Diode 
Array Detector (HP 1040A) In both systems separa­
tion took place on a precolumn (50 x 2 1 mm) of 37 to 
50 μ π Corasil C,,, (Waters) coupled to a 10 μπι 
LiChrosorb RP-18 (Merck) column (250 χ 5 mm) Elu­
tion was performed with a linear gradient (2 0 ml/minj 
in 10 min of oxygen-free 0 to 25% methanol in 40 mM 
sodium formate (pH 3) Peaks were recorded at 260 
nm 
Protein determination. Protein was determined by 
the Bio-Rad Protein assay (Bio-Rad Laboratories, 
Richmond, CA) based on the method of Bradford [19] 
Bovine serum albumin was used as a standard 
Molecular weight determinations Apparent molecu­
lar weights of the subunits were determined by gel 
electrophoresis on a 12 5% Polyacrylamide Phast gel 
containing 0 1% SDS Prior to application to the gel 
native proteins were denaturated by boiling for 5 mm 
in 10 mM sodium phosphate buffer (pH 7) that con­
tained 1% SDS, 5% /3-mercaptoethanol 1 mM EDTA 
and 10% glycerol Electrophoresis and staining of the 
gel were performed on a Phast System separation and 
control unit from Pharmacia (Uppsala, Sweden) The 
following proteins served as the standards a 
lactalbumm (14400), soybean trypsin inhibitor (20100) 
carbonic anhydrase (30000), ovalbumin (43000), bovine 
serum albumin (67000) and Phosphorylase b (94000) 
The molecular weights of the native proteins were 
estimated by gel filtration on Sephacryl S-200 cali 
brated with cytochrome с (12400), carbonic anhydrase 
(30000), bovine serum albumin (67000), alcohol dehy 
drogenase (150000), 0-amylase (200000) and Blue dex 
tran as the marker for the void volume 
Materials If not mentioned otherwise chemicals were 
of the highest grade available FMN, NADH, NADPH 
and alcohol dehydrogenase were from Boehnngei 
(Mannheim, F R G ) FAD, NADP+, NAD", Bistri· 
propane, cytochrome с and SDS were purchased frorr 
Sigma (St Louis, MO) TSK-butyl 650 and /3-amylast 
were from Merck AG (Darmstadt, F R G ) Q-Seph 
arose, Sephacryl S-300, Sephacryl S-200, DEAE-Seph 
adex. Blue dextran, Polyacrylamide Phast gels, the pro 
tein molecular weight calibration kit for SDS gel elee 
trophoresis and Phast gel blue R for staining of the 
gels were obtained from Pharmacia Fine Chemical' 
(Uppsala, Sweden) WP PEI FPLC column material, 4( 
μπι Bonded-phase octadecyl C1 8 and methano 
(HPLC-grade) were trom J Τ Baker (Deventer, The 
Netherlands) CHAPS carbonic anhvdrase, bovine 
serum albumin and dilhiothreitol were purchased from 
Serva Feinbiochemica (Heidelberg, F R G ) and benzvl 
viologen was from BDH Chemical (Poole, U K ) F„ 
and F" were kindly provided by S W M Kengen from 
our laboratory Gasses were obtained from Hoek Loos 
(Schiedam, The Netherlands) Nitrogen and hydrogen-
containing gasses were made oxvgen-free by passage at 
150°C over a prereduced R3-11 and at ambient tem­
perature over a RO-20 catalyst, respectively, catalvsts 
were a gift from BASF (Ludwigshafen. F R G ) 
Results 
Purification and properties of methylene HtMPT dehy­
drogenase and methylene-ΗjMPT reductase from M 
barken 
Methylene dehydrogenase and methylene reductase 
were purified from M barken as oxygen-stable en­
zymes as summarized in Tables 1 and II. respectively 
When kept at the appropriate conditions (0 5 mM 
CHAPS plus 10% ethylene glycol) no losses in activi­
ties occurred on storage at 4°C for more than 3 months 
Both enzymes behaved as soluble proteins since activi­
ties were exclusively recovered in the supernatant aftet 
cell breakage and subsequent centnfugation 
Methylene dehydrogenase was purified bv a factor 
86 in 40% yield and up to a specific activity of 670 
μιτιοί methvlene-H4MPT oxidized per min per mg 
protein Alter this stage only one band could be de­
tected after denaturating SDS-polyacrylamide gel elee 
trophoresis with an apparent M, - 35000 (Fig 1) For 
the native enzyme a molecular mass of 200 kDa was 
estimated on the basis of Sephacryl S-200 gel chro­
matography, which indicates that the enzyme is a hex-
amer of identical 35 kOa subumts 
Methylene reductase and dehydrogenase could be 
purified by similar methods, both enzymes behaved 
quite the same during the various steps Resolution, 
though not complete, could be achieved by careful 
elution during Q-Sepharose Fast Flow ion-chromatog-
raphy Fractions also containing dehydrogenase activity 
were discarded, which substantially contributed to the 
loss in yield during this step and the modest overall 
recovery (29%) of the reductase The 68-fold purified 
enzyme had a specific activity of 31 5 μ mol min"1 
mg"', when measured in the direction of methyl-
HjMPT oxidation The preparation showed only one 
band after SDS-gel electrophoresis with an apparent 
TABLE l 
Purification of methylene-HjMPTdthydrosenase/mm Vf barken 
Purifkation used 10 ml crude LCH free extract of Vf harken Activities were measured tn the direction of methylene H 4MFT oxidation and F42n 
reduction Units are expressed as ¿imol mclhenyt H4MPT formed per mm 
Step 
Crude extract 
\mmonium sulfate 
(50% supernatant) 
TSK butyl 650 
Q Sepharose 
Sephacryl S-300 
FPLC WP PEI 
Total protein 
(mg) 
170 
142 
76 
8 2 
19 
0 8 
Total activity 
(units) 
1332 
1185 
«46 
892 
577 
536 
Specific activity 
(units/mg) 
7 8 
8 3 
124 
109 
304 
670 
Factor 
( fold) 
10 
1 1 
16 
13 9 
39 
86 
Yield 
(%) 
100 
89 
71 
67 
43 
40 
TABLE II 
Purification of methylene H4 MPT reductase from M barken 
Purifica tran used 10 ml crude ce II-free extract of M barken Activities were measured in the direction of methyl H4MPT oxidation in the 
presence of purified methylene dehydrogenase from W thermoamotrophicum [5 5 units) Units are expressed as μ mol methenyl H 4 MPT formed 
per mm 
Step 
Crude extract 
Ammonium sulfate 
(50% supernatant) 
TSK butyl 650 
Q Sepharose 
Sephacryl S 300 
FPLC WP PEI 
Total protein 
(mg) 
170 
142 
76 
68 
2.6 
0 73 
Total activity 
(units) 
79 
70 
64 
30 
25 
23 
Specific activity 
(umis/mg) 
046 
0 49 
084 
441 
9 6 
315 
Factor 
( fold) 
10 
1 1 
18 
9 6 
21 
68 
Yield 
(%) 
100 
89 
81 
38 
32 
29 
62 
Molecular weight 1110 ] 
10 -
(. 
Front 12 03 (К 05 06 07 08 09 
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Fig. l. Sodium dodccyl multale gel electrophoresis of methylene-Η
 4MPT dehydrogenase and methylene-H4MPT reductase trom W barken. Gel 
electrophoresis was performed as described under Materials and Methods and subsequently stained with Coomassie brilliant blue R-250 (A) The 
lanes represent the following enzymes: Í1) methylene dehydrogenase (27 ng). (2) enzymic standards (kDa) composed of Phosphorylase b 194). 
bovine semm albumin (67). ovalbumin (43). carbonic anhydrase (30). trypsin inhibitor (20.1) and «-iactalbumtn (14.4) and 13) methylene 
reductase (32 ng). (B) Estimation of the subunit molecular size of methylene dehydrogenase (~) and methylene reductase 1С): the enzymic 
standards (·) are as given m A. 
.V/
r
 = 38000 (Fig. 1). The native enzyme was eluted 
from a Sephacryl S-200 column at about 160 kDa. 
which implies that the reductase consists of four 38 
kDa subunits. 
From the purification factors it follows that both 
enzymes each comprise about 1% of the total cell 
protein, which is in accordance with a central metabolic 
role. Purified and concentrated enzymes were both 
colorless and ultraviolet spectra only showed an ab­
sorption band around 280 nm; characteristic bands that 
would account for the presence of prosthetic groups 
like flavins or iron-sulfur clusters were absent. 
Substrates and products of the methylene dehydrogenase 
and methylene reductase reactions 
Methylene dehydrogenase was routinely measured 
in the direction of methylene-H4MPT oxidation and 
F 4 2 0 reduction. The spectrophotometric assay resulted 
in an increase of the absorbance at 335 nm due to 
methenyl-H4MPT formation and a simultaneous de­
crease in the absorbance at 401 nm as a result of F 4 2 0 
reduction in accordance with a stoichiometry according 
to Eqn. (4). No reaction was observed when F 4 2 0 was 
omitted from the assay. Anaerobic addition of F 1 2 u H : 
after completion of the reaction resulted in a decrease 
of absorption at 335 nm and an increased absorption at 
401 nm. indicating that the opposite reaction also could 
take place. Hence, methylene dehydrogenase from M. 
barken, like the enzyme from M. thermoautotrophtcum 
[5,6], is capable of catalyzing the oxidation of methy-
lene-H4MPT and reduction of methenyl-H4MPT. 
Previously [13] methylene reductase from M. barken 
was studied in the direction of methylene-H4MPT 
reduction coupled to F 4 2 0 H, oxidation. The enzyme, 
however, may also catalyze the reverse reaction, viz. 
methyl-H4MPT oxidation. In fact, the enzyme was 
routinely assayed here in this direction. The spec­
trophotometric assay performed in the presence of 
excess methylene dehydrogenase resulted into the for­
mation of methenyl-H4MPT and F 4 2 n H : . As reported 
before [8], the stoichiometry deduced from the spectral 
changes was in accordance with Eqn. (5) (data not 
shown): 
теіпуІ-Н,МРТ + 2Р420»-5.10-теІпепуІ-Н4МРТ + 2Р 4 2 0 Н, (5) 
It is of interest to note that no methyl-H4MPT oxida­
tion was observed when methylene dehydrogenase was 
omitted, either here or with the enzyme from M. 
thermoautotrophtcum [8]. 
Incubation of methylene-H4MPT, which was non-
enzymically formed from H 4 MPT and excess formal­
dehyde, with methylene dehydrogenase and -reductase 
purified from M. barken and catalytic amounts of F 4 2 0 
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Fig 1 HPLC analysis of the products obtained after incubation of 
methylene H 4 MPT and F4a> with methylene-H4MFT dehydrogenase 
and methylene-H4MPT reductase The reaction mixture (2 ml) com­
posed as specified for the dehydrogenase assay under Materials and 
Methods and containing 50 ng dehydrogenase and 1 u.g reductase 
was incubated for 13 mm at 37°C (A) H 4MPT (28 nmolh (B) 
methylene H 4MPT (28 nmol) prepared from Η,ΜΡΤ with 35-fold 
excess formaldehyde, (C) methyl-Η,ΜΡΤ (5 2 nmol. Я, - 1 5 88 min) 
and ?im (116 nmol. Я . - 1 9 82 min>. (D) 75 μΙ of the reaction 
mixture, the compound with Rl - 18 17 is 5.10-methenyl-H4MPT. 
(E) methyl-HjMPT (5 2 nmol) treated with 1 μτηοΙ formaldehyde 
Analyses were performed <is described under Materials and Methods 
using system (A) 
followed by analysis of the reaction mixture by HPLC, 
showed the disproportionation of methylene-H4MPT 
into methenyl-H«MPT (retention time Rt - 18 17 mm) 
and raethyl-H4MPT (Я, =» 16 min) (Fig. 2D). Dunng 
incubation actually two compounds were formed with 
an Я, of about 16 mm. One compound with an Λ, =» 
15 88 min, which was present as a shoulder of a major 
peak, had the retention time and the characteristic 
absorbance maximum at 295 nm [3] of authentic 
methyl-H4MPT (Fig. 3). The ultraviolet absorption 
mAUC/.l 1 
1001-
50 -" X 
25 • \ ^ ^ 
pi I I I 1 ι ι ι Ι ι ι i T S S ^ ^ d J 
V.Q 265 290 315 340 
Wavelength |nm| 
Fig 3 Ultraviolet absorption spectra of methyl-H4MFT and its 
formaldehyde adduct Spectra of the peak eluting at about 16 mm in 
Fig. 2D were recorded with a diode array spectrophotometer con­
nected to the HP liquid Chromatograph (system B) The spectrum 
( ) was measured at the upslope of the peak and corresponds 
with methyl-H4MFT (31. ( ) was recorded at the dovmslope 
spectrum of the major component (Д, - 16 25 mm) 
was quite different (Fig. 3). That component was also 
non-enzymically produced from methyl-H4MPT and 
formaldehyde (Fig. 2E) and represents an adduct of 
formaldehyde to methyl-H4MPT, presumably to its 
pterin moiety. Binding of formaldehyde is a reversible 
one. Methyl-H4MPT prepared from the methylene 
derivative and subsequently purified by column chro­
matography lacked the R, - 16.25 min compound The 
disproportionation of methy!ene-H4MPT into 
methenyl-H4MPT and both methyl derivatives went to 
completion. At the end of the reaction melhylene-
H4MPT was no longer detected; methenyl-H.MPT 
and the methyl forms were present in a 1.1 ratio as 
estimated from the peak areas (Fig. 2D) F4jo was 
strictly, though catalytically, required in the dispropor­
tionation and no reaction occurred m its absence (not 
shown). 
F420 is a quite specific co-substrate of the methylene 
dehydrogenase and -reductase. The natural electron 
earners FAD, FMN, NAD+ and NADP4" as well as 
the artificial electron earner benzyl viologen could not 
substitute for F420 (not shown) F* and F0, two F420 
denvatives which lack the lactylglutamyl and the 5'-
phosphoryllactylglutamyl residues in the sidechain, re­
spectively, were partially active (Table III) In contrast, 
F390 did not serve as an electron acceptor. 
Kinetic properties of the methylene dehydrogenase and 
methylene reductase reactions 
Methylene dehydrogenase and reductase showed pH 
optima at 6 and 6.7, respectively. For both enzymes the 
reaction rates increased at increasing temperatures up 
to 60-65°C (Fig. 4). Hereabove the velocities rapidly 
decreased, presumably as a result of thermal denarura-
tion. From the slopes of Anhemus plots activation 
energies amounting to 22-5 and 35 kJ/mol may be 
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TABLE III 
Rebuilt fraction rala of ihr S.lO-mnhylene-H,ΜΡΤ dekydrosrnair 
and 5.10-müivlent-HjMFT rrduciast win Ftl0 dentantes 
Reaction rales for the methylene dehydrogenase reaction were mea-
sured in ihc direction of meihylene-Η,ΜΡΤ (nidation ю the prés-
eme of SO ng enzyme. 76.5
 MM meihylene-Η,ΜΡΤ and electron 
earner as indicated. Methylene reductase was measured in the 
direction of methyl-Η,ΜΡΤ oxidation in the presence of 1 щ 
methylene dehydrogenase (5J U) purified from M. ihtrmoauioirooh-
icum. 65 μΜ mclhyl-H4MPT and electron earner aj specified. 
Reaction rates in the presence of F 4 U were set as 100% and equalled 
32 nmol/mtn and .11 nmol/min for the methylene dehydrogenase 
and -reductase reactions, respectively 
I'? Imn/moM 
Elee 
F.™ 
F* 
F* 
F j » 
ron earner 
(63) 
(58) 
(63) 
(63) 
(μΜ) Relative reaction raie (%> 
dehydrogenase 
100 
51 
39 
0 
reductase 
100 
13 
0 
0 
calculated for the dehydrogenase and reductase, re­
spectively. 
Lineweaver-Burk plots of the methylene dehydro­
genase reaction with varying concentrations of methy-
lene-H4MFT and F420 yielded a series of non-parallel 
lines intersecting the abscissa at one point left of the 
ordinate (Fig. SA and C). Reciprocal replots of the 
actinhj lll/mal 
1200 -
"- 0 
Tenptntureltl 
Fig. 4. Temperature optima of the roethylene-Η,ΜΡΤ dehydro­
genase and methylene reductase from M. barken. Activities of the 
dehydrogenase ( o ) and reductase ( · ) were measured at described 
under Materials and Methods at pH 6 j and pH 7, respectively, both 
in 100 mM Bums propane buffer. In the inset Arrhenius plots for 
the dehydrogenase (O) and reductase ( · ) are shown. 
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Fig. 5. Lineweaver-Burk kineiic plots of the methylene Η
 4 MPT 
dehydrogenase from M barken. The speclrophotomeinc assays were 
performed as described under Materials and Methods in ihe pres­
ence of 6 J ng purified enzyme. In (A) reciprocal velocities of the 
reactions are shown versus reciprocal rncihylene-H4MPT concentra­
tions in the presence of F 4 a ) (μΜ) as indicated. In (C) reciprocal 
velocities are plotted as a function of reciprocal F 4 9 concentrations 
with methylene-H4MPT (μΜ) as indicated. In (B) and (D) recipro­
cal replots of the apparent У
тжж
 values derived from (A) and (C) 
versus F 4 B and methylene-ri^MFT, respectively, are shown. 
apparent V^ versus the F430 or methylene-H4MPT 
concentrations again yielded straight lines (Fig. 5B and 
D). This pattern is characteristic of a ternary complex 
(sequential) mechanism. From the data presented in 
Fig. S the kinetic constants can be calculated (Table 
IV). By the same procedure it was found that the 
methylene reductase reaction in the direction of 
methyl-H4MPT oxidation also proceeds by a ternary 
complex mechanism. The kinetic constants derived 
from Lineweaver-Burk plots and replots are given in 
Table IV. Comparison of our data and those reported 
by Ma and Thauer [13] shows that the V^ for methy­
lene reduction exceeds the one for methyl oxidation by 
a factor 11. We also found methylene reduction with 
F42DH2 to proceed up to 10 times faster than the 
reverse reaction. From the concentrations of substrates 
and products present at the end of the F> a )Hj and 
65 
300 
T4BLE IV 
Smaltirai and kinetic properties of F4l0 dependent 5 W-methvtene-Ht\tPT dehydrogenase and 5 IO-rnethvlene-H4MPT reductase from methanogcruc 
Drgurmm 
strain ι 
Enryme 
(subunit. kDa. 
coni! gu rat юл) 
Kinetic constants J Literature 
Vf borken {MS) 
Vf thermoaulotrophicum ( JH) 
Vf barken (MS) 
Vf barken 
Fusaro) 
Vf thermoaulotrophicum (JH) 
Vf thermoaulotrophicum 
Marburg) 
methylene dehydro­
genase Ü5. и
л
) 
methylene dehydro­
genase (36. a6) 
methylene reductase 
(3B я.) 
methylene reductase 
(36. a.) 
methylene reductase 
(35,a,) 
methylene reductase 
(36: a
 t) 
К„(СН,->-6 
A%,(F4!DJ-18 
ЛГ„,-1650 
Л\,1СН,-)-33 
K,(F4Ä1)-65 
K c - 2 4 0 0 
X„(CH,-)-250 
^m(F.¡o'-·«) 
К™-200 
Κ„, - 127 
К„,(СН,-)-І5 
/C„(F.WH,)-12 
V„..-2200 
Κ,,,-ІЗЛО 
not determined 
К
т
(СН,-)-300 
K„(FJ J 0H,)-3 
K™-A000 
K„,-360U 
this paper 
IS] 
this paper 
[131 
[81 
[9] 
AC„ values are given in мМ. C
m
„ is дтЫ min ' mg"', K
w
 is»"' (CH. - ). 5.1f>methylene-H,MFT. (CH3-), methyl-Η,ΜΡΤ The kinetic 
constants were determined at the following temperatures 37°C. methylene dehydrogenase and reductase from M barken (MS), 60°C. 
methylene dehydrogenase from \f thermoaulotrophicum (JH), 55aC, methylene reductase from W barken (Fusaro) and from Vf thermouu-
lotrophicum (Marburg) 
methylene oxidoreduction a K^ =» 0.2 for reaction (3) organisms consisted of hexamers of a single 35-36 k£>a 
ivas estimated. 
Monovalent cations did not stimulate methylene-
H4MPT dehydrogenase. Sodium chloride, for instance, 
tested in concentrations up to 1 M had no effect on the 
reaction rate. Neither was Na+ required for the methy­
lene reductase reaction: with enzyme- and cofactor 
preparations purified with sodium-free buffer systems, 
reaction rates measured in the presence and absence 
of ISO mM sodium chloride were the same. 
Discussion 
In /Vi. barken cultured on methanol both methylene-
H4MPT dehydrogenase and methylene reductase are 
present (this paper, Ref. 13). Both enzymes behave as 
soluble proteins, since their activities were exclusively 
found in the supernatant after cell rupture and subse­
quent centnfugation. In the supernatant they are major 
proteins and compose each about 1% of the soluble 
fraction. 
F420-dependent methylene dehydrogenase and -re­
ductase from M barken share many properties with 
the respective enzymes isolated from M. thermoau­
lotrophicum (Table IV). The dehydrogenase from both 
served with the dehydrogenase from M. barken, indi­
cating that protons were not used as co-substrate 
From M. thermoaulotrophicum two different types ol 
methylene dehydrogenase could be isolated, an F420-
dependent enzyme [4-6], and an enzyme which is capa­
ble of reducing protons and oxidizing hydrogen [7]. 
Unlike F420-dependent dehydrogenase from M ther­
moaulotrophicum [4,5] the enzyme from M. barken was 
not stimulated by high concentrations of monovalent 
cations. Except for methylene reductase obtained from 
the JH strain of M thermoautotrophicwn, which con­
sists of one 35 kDa polypeptide [8], the moleculai 
composition of the enzyme purified from the Marburg 
strain of the organism and from two strains of M. 
barken is quite similar, viz. a tetramer of a single 36 tc 
38 kDa subunit (Ref. 9 and 13, this paper). The reduc 
tase from the methanogens catalyzed both methylene 
H4MPT reduction and methyI-H4MPT oxidation (Ref 
8, this paper). As pointed out before [8], the reaction i: 
in a number of respects an analogon of the ΝΑΓΧΡ)Η 
dependent 5,10-methyIenetetrahydrofolate reduction 
Methylenetetrahydrofolate reductase was purified as г 
flavoprotein from a number of sources, but the enzyme 
301 
only catalyzed methylene reduction [20-22). The 
methanogenic methylene reductases as well as the de­
hydrogenases listed in Table IV all lacked cofactors 
like flavins and Fe-S centers. They all required F42D as 
the co-substrate in reactions according to ternary com­
plex mechanisms. Since Fim acts in hydride transfer 
[23], the enzyme kinetics and the absence of specific 
cofactors suggest that the methylene dehydrogenase 
and reductase reactions proceed by direct hydride 
transfer between the reactants. The 8-OH adenylylated 
F 4 2 0 (F3 9 n) did not serve as a substrate (Ref. 5 and 8, 
this paper). F i 9 0 is synthesized from ATP and F4 2 D 
when growing cells [24] or cell extracts of M. thermoau-
lotrophicum [16] and M. barkeri [25] are exposed to 
oxygen. 
In M. thermoautotrophicum methylene dehydro­
genase and reductase function in the central metabolic 
pathway of CO
:
 reduction to methane. From the pu­
rification factor and the C^, of the purified dehydro­
genase it can be estimated from [S] that cells of the 
organism may convert methylene-H4MPT into 
methenyl-H4MPT with a Ута, - 27 U/mg protein; the 
velocity of the reversed reaction as it occurs during 
C O ; reduction, however, will be about 3-fold lower [4]. 
A V„„ - 60 U/mg cell protein was calculated for 
methylene-HjMPT reduction [9]. For methylene-
H 4 MPT oxidation in M. barkeri the Vm„ =- 36 U/mg 
cell protein (this paper). Methylene-H4MPT reduction 
in the organism occurs with a V^^ - 17 U/mg cell 
protein (at 50"C) [13], whereas for the reversed reac­
tion, methyl-H4MPT oxidation, a Ym„ - 2.9 U/mg cell 
protein holds at 37°C (this paper). M. thermoautotroph­
icum and M. barkeri, thus, contain comparable levels 
of F420-dependent methylene dehydrogenase and re­
ductase. It should be noted, however, that the various 
reaction rates and kinetic constants determined for M. 
barkeri may represent underestimates, since they all 
have been measured with H 4 MPT and F4 2 n derivatives 
isolated from M. thermoautotrophicum. The coenzymes 
present in M. barkeri both contain additional glutamyl 
moieties attached to their sidechains [26,27]. From 
Table III, for instance, the effect of the length of the 
side chain is obvious and it may be noticed that F 4 2 0 
derivatives that lack parts of it were less active in the 
dehydrogenase and reductase reactions. 
M. barkeri growing on methanol with a doubling 
time at 37°C of about 12 h converts its substrate 
according to Eqn. 2. During growth the organism pro­
duces methane with a maximum rate of 0.1-0.2 μ mol 
m i n - 1 mg" 1 protein [28,29]. Hence, CO, must be 
formed at a maximum rate of 0.035-0.07 μ mol per min 
per mg. From the data presented above it follows that 
the organism, thus, contains by far enough methylene 
reductase and dehydrogenase to allow methanol oxida­
tion to proceed via methyl-H4MPT and methylene-
H 4MPT. In fact, the two enzymes from M. barkeri 
seem to be more apted to oxidation of the H 4 MPT 
derivatives. From Fig. 4 it can be seen that at 60°C the 
reductase from M. barkeri catalyzes methyl-H4MPT 
oxidation at a rate of about 72 U/mg, which is nearly 
10-fold higher than the reaction rate measured in that 
direction and at that temperature with the enzyme 
from M. thermoautotrophicum (7.38 U/mg, [8]). In 
addition, K
m
 values for methylene-H4MPT and F 4 2 0 
were 5.5- and 3.5-fold lower for the M. barkeri 
dehydrogenase (Table IV). In this respect it is remark­
able that in the in vitro assays methyl-H4MPT oxida­
tion catalyzed by the reductase did not occur unless 
dehydrogenase was present. The latter enzyme may be 
required to overcome the unfavorable reaction equilib­
rium (K^ »0.2) and the high activation energy (35 
kJ/mol) of the reductase by removing methylene-
H 4 MPT from the reaction. 
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Note added in proof: 
During the publication of this manuscript a paper 
was published by Enssle, Zirngibl, Under and Thauer 
(Arch. Microbiol. (1991) 155, 483-490) in which the 
methylene-H4MPT dehydrogenase from M. barkeri 
was described. 
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The S.lB-nwtlmiyllHrabydnHiielluiiopurni cyclohydrolase from MeUumotarciaa barkeri was purified 
313-fold to «specific activity of 470 μπ»ΙπιΙη~' mg~' at 37*C and pH 7.8. At this stage, the enzyme was pure 
as judged from Polyacrylamide gel electrophoresis. The monoiunctional enzyme was oxygen stable, but the 
presence of a detergent proved to be essential Гот its stability. Like the cyclohydrolase purified from 
Meihanobacterium thermoaiaoovphiturn (A. A. Dlmarco, M. I. Donnelly, and R. S. Wolfe, J. Bacterio!. 
1*8:1372-1377, 19861. the protein showed an apparent M
r
 of 82,000, and it Is composed of two identical 
subunits as was concluded from noodeaaturatlng and denalurabng Polyacrylamide gel electrophoresis. The 
enzymes from M. АегтоаиютвНіеим and Af. barkeri markedly differ with respect to the hydrolysis product 
of S.lO-methenyltetrabydromelhanopterin: 5-formyl- and lO-formyltetrahydromethanopterin. respectively. 
The apparent K
m
 tor 5,10-nMtneoyltetiahydnniethaiiopterin was 0.57 mM at 37*C and pH 7.8. 
5,6.7.8-Tetrahydromclhanoptenn (H4MPT) is the central 
one-carbon earner in the intermediate steps of mcthano-
genesis from CO, (16. 17, 23. 29). In the hydrogenotrophic 
mcthanogen Meihanobacterium ihermoautotrophtcum. 
H4MPT accepts a formyl group from formylmethanofuran 
and in the fonnyltransferasc reaction 5-formylH4MPT is 
produced 18). The latter compound is convened to 5.10-
melhenyl-HjMPT (Fig 1) by a cyclohydrolase. a monofune -
donai protein that was purified from the organism (6. 7). 
After the reduction to 5.10-methylene-H4.MPT and 5-methyl-
HjMPT and a methyl group transfer, methylcoemyme M is 
formed as the substrate of Jhe terminal step of methanogen-
esis 111. 18. 20. 24). This sequence of H4MPT-dependenl 
reactions bears an analogy to reactions involving teirahydro-
folate derivatives. In fact. Η,ΜΡΤ is a complex structural 
analog of tetrahydrofolalc. 
When the methylotrophtc organism Methanosarcina bark­
en is grown on methanol, pan of the substrate has to be 
oxidized to CO, to obtain the reducing equivalents needed 
for the methyl group reduction. 5,10-Methenyl-H4MPT was 
identified as an early intermediate in the substrate conver­
sion 15). suggesting that the oxidative route proceeds via 
H.MPT derivatives. In this repon, the purification and 
partial characterization of 5.10-methenyl-H.MPT cyclohy­
drolase from M barken is described. The monofunctional 
protein catalyzes the hydrolysis of 5.10-melhenyl-H4MPT to 
10-formyl-H4MPT. 
MATERIALS AND METHODS 
Abbreviations. Coenzyme F420, an 8-hydroxy-5-deazafla-
vm; mcthanofuran. a 4-substituted-2-(aimnomeihyl)ruran: 
HEPES, rV-2-hydjoxyethylpiperazine.jV'-2-ethanesulfonic 
acid: CHAPS. 3-((3-cholamidopropyl)dirnethylammonio|-l-
propanesulfonate: SDS. sodium dodecyl sulfate: PAGE. 
Polyacrylamide gel electrophoresis: TLC. thin-layer chro­
matography: HPLC. high-performance liquid chromatogra­
phy. 
Organism and preparation of cell extracts. M. barken MS 
* Corresponding author. 
(DSM 800) was grown in a 300-liter fermentor on a synthetic 
medium containing 150 mM methanol as described previ­
ously (13). At the end of the exponential growth, cells were 
harvested under a nitrogen atmosphere in an atr-dnven 
continuous centrifuge and stored under nitrogen at -70°C. 
For the preparation of cell extract, cells were suspended 
after thawing in an equal amount of anoxic 20 mM potassium 
phosphate buffer tpH 7 0) containing DNase and RNase. 
each L0 μα/πιΙ. The cells were disrupted by two successive 
passages through a French pressure cell operating at 138 
MPa under a nitrogen atmosphere. Cell debns were removed 
by cenlnfugation under 97 5'/r nurogen-2.5% H. in closed 
stainless-steel centrifuge tubes at 18.000 χ g for 43 mm at 
4°C. The supernatant was carefully decanted inside an 
anaerobic glove box and stored at -70°C under a hydrogen 
atmosphere. 
Growth and preparation of cell extracts of M. thermoau-
totrophiLum IH (DSM 1053) were done as documented 
before (26). 
Purification of substrates. The enzymatic reactions were 
observed by using H4MPT derivatives punfied from M 
ihermoautotrophtcum. In a typical purification, cells (451 g 
[wet weight]) were suspended in 450 ml of anoxic 40 mM 
potassium phosphate buffer (pH 7.0) containing 1 mM dtthio-
threitol. The suspension kept under nitrogen atmosphere 
was placed in a boiling water bath for 1 h and. after cooling, 
anaerobically cenmfuged at 18.000 χ g for 45 mm at 4*C. 
Inside the anaerobic glove box. acetic acid was added 
dropwise to the supernatant to pH 4 and insoluble material 
was removed by filtration. The clear yellow filtrate was 
applied to a column (20 by 4.8 cm) packed with DEAE-
Sephadex A-25 (acetate form) and placed inside the glove 
box: the column was equilibrated with 40 mM sodium 
acetate buffer (pH 4) containing 1 mM dithiothreitol. The 
column was washed with equilibration buffer until no UV 
(254 nml-absorbing compounds eluted. Next, a linear gradi­
ent (1.400 ml) of 160 to 300 mM NaCl in the sodium acetate 
buffer was applied followed by a wash with 1 M NaCl: 7-ml 
fractions were collected. Samples (100 ul) of the fractions 
were assayed for the presence of Η,ΜΡΤ by the enzymatic 
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FIG. 1. Structure of З.ІО-іткіпепуІ-Н.МРТ accenting (o Van Beden el al. 128) M barken contains a melhanojrttnn defivauve with an 
addiuonal L-glutamate bound via an amide binding lo α-hydroxyglutaraie (27). 
assay described below The compound eluted between 180 
and 220 mM NaCI. 
A 30-ml portion of the pool containing 49 5 μπιοΙ of 
H4MPT was mixed with 10 ml of 100 mM potassium phos­
phate buffer (pH 7 0). and the solution was adjusted to pH 
6.5 with 4 M КОН. This and the subsequent handlings were 
performed anaerobically. Coenzyme F4211 (4 3 μπιοΙ). 200 
μπιοΙ of formaldehyde. 55 μβ of methylene-H4MPT-dehy-
drogenase. and 58 μg of methylene-H4MPT-reductase were 
added, and the reaction mixture was incubated at ambient 
temperature under a nitrogen atmosphere. Samples were 
withdrawn, and the increase of the Д,„ was observed. When 
the absorbance had reached its maximum ¿iter about 15 mm. 
acetic acid was carefully added to reach pH 4. By this 
enzymatic procedure. 5.10-methylene-H4MPT. which is 
nonenzymatically formed from formaldehyde and Η.MPT 
(14.15). was completely convened to 5.10-methenyl-H4MPT 
and 5-meihyl-H«MPT. These two compounds were sepa­
rated by reversed-phase chromatography with a column 129 
by 1.8 cm) packed with bonded phase octadecyl C,
a
 (40 μηι) 
and activated with 100 ml of methanol followed by washes 
leach 100 ml) with 20 mM potassium phosphate buffer (pH 5) 
and 1 M NdCI in the same buffer Before application of the 
sample, insoluble compounds were removed by filtration and 
the solution was diluted in an equal volume of 2 M NaCI in 
the phosphate buffer The column was subsequently eluted 
with the phosphate buffer until no 254 nm-absorbing materia) 
could be detected. Separation was achieved with a linear 
gradient 1600 ml) of 0 to IVPc methanol followed by isocratic 
elution with 50% methanol (250 ml): 10-ml fractions were 
collected. 5-Methyl-H4MPT was found in the 10 to 12% 
methanol fractions, and it was essentially pure as checked by 
HPLC and UV-visible light spectroscopy. 5.10-Methenyl-
H4MPT detected by TLC was present in the 50% methanol 
step. The compound was still contaminated with other 
cofactors and was further purified to at least 97% homoge­
neity, as judged by TLC. HPLC. and UV-visible light 
spectroscopy, employing DEAE-Sephadex A-25 iCV form) 
column chromatography at pH 4.0 in 30 mM sodium acetate 
buffer: salt-free preparations were obtained by use of Sep-
Pak C„ cartridges (Waters Associates, Inc., Milford. Mass.) 
(15). 
H4MPT was punned from the pool obtained from the first 
DEAE-Sephadex A-25 column by HPLC (15). From this 
column also, coenzyme F 4 M and formylmethanofuran were 
collected. The former compound, identified on the basis of 
its characteristic bright blue fluorescence, was present in the 
1 M NaCI wash. The methanofuran derivative was eluted at 
approximately 280 mM NaCI and was traced by TLC. the 
presence of the formyl group was confirmed by Ή nuclear 
magnetic resonance. Both compounds were further punned 
by the C l s Bondapak and C„ Sep-Рак techniques described 
above. 
Enzyme assays. The cyclohydrolase reaction was mea­
sured by the conversion of 5,10-methenyl-H4MPT. Anoxic 
reaction mixtures (1.65 ml) containing 55.5 nmol of 5.10-
methenyl-H4MPT in 100 mM Tns hydrochloride buffer (pH 
7 8) were prepared in cuvettes inside the anaerobic glove 
box. The cuvettes were closed with rubber stoppers, taken 
out of the box. and prewarmed to 37*C. The reaction was 
initiated by injecting 5 to 50 μΐ of enzyme solution, and the 
decrease in A„, was observed. The initial raie of the 
reaction was calculated from the reported molar absorbance 
of 5.10-methenyl-H4MPT at that wavelength (e J 3 3 = 21.6 
mM - 1 cm' 1 ) (7). 
Coenzyme F420-depcndent 5,10-methylene-H4MPT-dehy-
drogenase activity was measured spectroscopicaUy in stop­
pered cuvettes by observing the rate of increase of 4 „ 5 
essentially as described by Haitzell et al. (11). Anoxic 
reaction mixtures (2.0 ml) contained 84 nmol of coenzyme 
F 4 ; u. 5 μιηοΙ of formaldehyde, and 78 nmol of H4MPT in 20 
mM potassium phosphate buffer (pH 6.0) containing 1 M 
NaCI. After the cuvette was prewarmed to 37*C. the reaction 
was started by injecting 10 μΙ of enzyme fraction. H4MPT 
present m column fractions was detected by the same 
enzymatic reaction with 100-μΙ amounts of the fractions. 
These assays were performed at 60°C in the presence of 10 μΐ 
of mcthylene-H4MPT-dehydrogenase (1.2 μ£ of protein) 
punned from M. thermoautoirophicum. 
5.10-Methylene-H4MPT-reductase was assayed by oxidiz­
ing 5-methyl-H4MPT to 5.10-methenyl-H4MPT in the pres­
ence of the dehydrogenase and employing coenzyme F4 J 0 as 
the electron acceptor. The reaction mixtures (2.0 ml) were 
prepared in stoppered cuvettes inside the glove box and 
contained 85 nmol of 5-methyl-H4MPT, 120 nmol of coen­
zyme F4 2 0, and 25 μ! of partially punned dehydrogenase in 
20 mM potassium phosphate buffer (pH 7.0) The reaction 
was observed at 37°C by recording simultaneously the in­
crease of 5.10-methenyl-H4MPT and the decrease of coen­
zyme F4 2 0 at A„, and At„, respectively. The reactions were 
started by the addition of 25 μΐ of enzyme fraction to be 
tested for reductase activity. 
Formylmethanofuran: H4MPT formyltransferase activity 
was assayed in the presence of excess cyclohydrolase. By 
the latter enzyme. 10-formyl-H4MPT was convened to 5.10-
mcthenyl-H.MPT. and the rate of reaction was determined 
from the increase of the Д 3 „ . Reaction mixtures in stop­
pered cuvettes were prepared inside the anaerobic glove box 
and contained 148 nmol of formylmethanofuran. 78 nmol of 
H.MPT, 10 nmol of coenzyme F 4 M. and 100 ui of punned 
cyclohydrolase (1.56 U) in 100 mM Tns hydrochlonde buffer 
(pH 7) and a total volume of 2.0 ml. The reaction performed 
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at 37°C under a nitrogen atmosphere was started by the 
addition with a gas-tight synnge of 50 μΙ of enzyme fraction 
to be tested for foraivltransferase activity. 
Punfkatioa of S,10-mtthenvl-H,\lPT cydohydrouee. The 
enzyme was punned at 4°C under aerobic conditions; all 
solutions used contained 1 mM CHAPS. To 20 ml of cell 
extract of M barken. 30 ml of saturated ammonium sulfate 
in water was added dropwisc overnight under gentle stirring. 
The solution was centnfuged at 39.000 * g for 20 mm. The 
supernatant was placed on a column packed with phenyl-
Sepharosc CL-4B (39 by 3 cm) and equilibrated with 1 M 
NaCI in 20 mM potassium phosphate buffer (pH 6.0) After 
application of the sample, the column was eluted with 30 mi 
of equilibration buffer followed by successive linear gradi­
ents of 1 to 0 M NaCI (200 ml) and 0 to 73% ethylene glycol 
(600 ml), both in the phosphate buffer. The duale was 
monitored at 280 nm, and 4.3-ml fractions were collected. 
Cyclohydroiase was eluted as a very broad band covering 
the 0 to 75% ethylene glycol step. Methylene-H4MPT-
dehydrogenase and -reductase as well as formyltransferase 
activities were also present in this trajection. although in 
narrower bands. All fractions thai contained cyclohydroiase 
activity were pooled and subjected to Q-Sepharose (Fast 
Flow) amon-exchange chromatography A column (11.4 by 
2.2 cm) packed with the material and equilibrated with 20 
mM potassium phosphate buffer (pH 7 0) was loaded with 
the pool (510 ml) from the previous step. The column was 
developed with a linear gradient (1.100 ml) of 0 to 1 M NaCI 
in the buffer: 4.8-ml fractions were obtained Cyclohydroiase 
was eluted between 450 and 600 mM NaCI. essentially 
resolved from formyltransferase (40 to 320 mM NaCI). 
5.10-mcthylene-H4MPT-dehydrogcnase (190 to 350 mM 
NaCI). and 5.10-methylene-H4MPT reductase (360 to 470 
mM NaCI) The cyclohydroiase was purified to homogeneity 
with the Perkin-Elmer fast protein liquid chromatography 
system equipped with a Baker WP-PEI column ill 5 by 1.3 
cm) After application of the sample (162 ml), the column 
was washed with 5 ml of equilibration buffer (20 mM 
potassium phosphate. pH 7 0) and then a linear gradient 1144 
ml) of 0 to ) M NaCI was applied, followed by clunon with 
3 M NaCI. both in the phosphate buffer Elution took, place 
with a constant flow of 0 S-mlimin at a pressure of 300 kPa. 
The eluate was monitored л 280 nm. and 1.6-ml Iractions 
were collected. Cyclohydroiase was present in a peak that 
eluted at 3 M NaCI. 
Chromatographic techniques. TLC was performed on Kie-
selgel-60 plates 10.25 mm: E Merck AG. Darmstadt. Federal 
Republic of Germany) developed with 1-butanol-acetic ac­
id-water (33/12/15. vol/vol/vol) After the plates were thor­
oughly dried. 5.10-methenyl-H4MPT was detected as a 
bright yellow fluorescent spot (Я, =» 0.10) upon irradiation 
with long-wave (366-nm) fluorescent light, whereas coen­
zyme F4 2 0 showed a blue fluorescent spot with an Rf of 0.32. 
HPLC proceeded essentially as described before (15). 
Separation was performed on a precolumn (50 by 2.1 mm) of 
37- to 50-цлі C,
a
 Corasil (Waters Associates) connected to a 
10-μιη LiChrosorb RP-18 (Merck) column (25 cm by 4-mm 
inner diameter). The column was eluted at ambient temper­
ature with Waters model 6000 and M45 pumps, a model 660 
gradient programmer, and a U6K injector as the solvent 
delivery system Detection took place with a Waters model 
450 апаЫс-wavelength detector coupled to a Hewlett-
Packard 3390 A integrator. Two solvent systems were rou­
tinely used: (ι) 40 mM sodium forniate adjusted lo pH 3.0 
with concentrated HCl and In) 50% (vol/vol) methanol. The 
second system consisted of (0 50 mM potassium phosphate 
buffer (pH 6.0) and (it) 50% (vol/vol) methanol. In both 
cases, a linear gradient of 0 to 50% solution di) was applied 
in 10 mm at a constant flow rate of 2.0 ml/mm and at 10 to 14 
MPa. Before use. the solutions were sparged with oxygen-
free nitrogen gas for at least 1 h, and sparging was continued 
throughout the subsequent HPLC runs. 
Spectrapbotometrk assays. UV-visible light absorption 
spectra and the spectropnotometne enzyme assays were 
recorded either on a Hitachi U-3200 spectrophotometer or 
on a Hewlett-Packard 8452 diode array spectrometer con­
nected to a Vectra ES/12 computer. The spectrometers were 
equipped with thermostated cuvette holders. Anaerobic 
glass or quarti cuvettes were closed with grey butyl rubber 
stoppers. 
Analytical PAGE. Denaturatine and nondenaturating 
PAGE were performed in slab gels in Tns bydrochlonde-
glycine buffer (pH 8.8) by the method of Laemmli (19). The 
molecular mass of the native cyclohydroiase was determined 
from the relative mobilities on PAGE with various gel 
concentrations (8. 9. 10. and 11%) as described by Hednck 
and Smith (12). The following reference proteins were used: 
α-amylase (45.000); bovine serum albumin, monomer 
(68,000), dimer (136,000), and tnmer (204.000). The molec­
ular mass of the subunit was determined after denaturating 
the protein by boiling it for 5 min in a solution containing 1 
mM EDTA. 5% 0-mercaptoethanol. 1% SDS, and 10% 
glycerol. SDS-PAGE was performed with 13% Polyacryl­
amide (19) Phosphorylase Ь (94.000), bovine serum albumin 
(68.000). ovalbumin (43.000), carbonic anhydrase (30.000), 
soybean trypsin inhibitor (20.100), and a-lactalbumin 
(14.400) served as the standards. 
Protein determinations. Routinely, protein concentrations 
were estimated by the Coomassie brilliant blue method of 
Scdmak and Grossberg (25). Cyclohydroiase. however, was 
found to stain relatively poorly with the dye. resulting in an 
approximately 10-fold underestimation of the protein con­
centration compared with the rose bengal binding assay 
developed by Elliott and Brewer (9) The latter assay was 
used for (he protein determinations in the purification 
scheme. Bovine serum albumin served as the standard. 
Materials. All chemicals used were of analytical grade. 
DEAE-Sephadex A-25. phenyl-Sepharose CL-4B. Q-Sepha-
rose (Fast Flow), and the molecular weight calibration kits 
were purchased from Pharmacia (Uppsala. Sweden) WP-
PEI fast protein liquid chromatography material. 40-μ.ΓΠ 
bonded phase octadecyl C l g > and methanol (HPLC grade) 
were from J Τ Baker (Deventer. The Netherlands) 
HEPES. bis-tns propane, rose bengal, and N.N.M',N'-
tetramcthylethylenediamine (TEMED) were obtained from 
Sigma Chemical Co. (St Louis. Mo.). CHAPS was from 
Boehnnger GmbH (Mannheim. Federal Republic of Germa­
ny). Serva blue G for protein determination was from Serva 
Feinbiochimica (Heidelberg, Federal Republic of Ger­
many). iV./V'-Methylene-bisacrylamide. SDS. and ammo­
nium pcrsulfate were obtained from Bio-Rad Laboratories 
(Richmond. Calif.). Coenzyme F4J0-dependent 5,10-methyl-
cne-H4MPT-dehydrogenase (736 U/mg) and 5,10-methylene-
H.MPT-reductase (192 U/mg in the direction of 5.10-meth-
ylcne-H.MPT reduction) were purified from M ihermouu-
tatrophtcum by procedures to bc desenbed in detail else­
where (B. te Brommelstroet, manuscript in preparation and 
J. Biol. Chem.. in press). Gases were obtained from Hoek-
Loos (Schiedam, The Netherlands). To remove traces of 
oxygen, hydrogen was passed over a catalyst (RO-20) at 
room temperature and nitrogen was passed over a prere-
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TABLE 1. Pu π fie ai ion of cyclohydrolase from Λ#. barken 
Cell extract 
Ammonium sulfate 
Phe η ν 1 - Se pharosc 
Q-Sepharose 
FPLC-РЕГ 
( mir1 
:oo 
113 
31 
τ 1 
0.4 
Total 
activity 
IUI* 
297 
:OJ 
:o5 
204 
188 
f L'/mij 
1.5 
1.8 
6.6 
93 
470 
Purifi­
cation 
ifokl) 
1.0 
1.2 
4.4 
62 
313 
Yield (*> 
100 
69 
69 
69 
63 
" Рпнеш was determined by ine mclhod of Elliott mid Brewer i9l. 
* One unit is denned as 1 μιηοΙ of 5.1f>mclhenv|.H«MPT convened per 
min 
' FPLC-PEI. Fast protein liquid chrenutognphv-polvctriylcncunine. 
duced catalyst (R3-11) at 150°C: both catalysts were a gift 
from BASF (Ludwigshafen. Federal Republic of Germany). 
RESULTS 
Purification and properties of cyclohydrolase from M. bari-
eri. Initial attempts to punfy the enzyme were hampered by 
rapid and irreversible losses in activity during storage and 
manipulation. However, the enzyme remained active when 
stored in the presence of noniomc or amphoteric detergents 
such as Triton X-100 (0.5%. wUvol) or CHAPS (0.5 to 1 mM) 
supplemented with 25% ethylene glycol. Enzyme solutions 
kept in this solution at 4*C under aerobic conditions re­
mained fully active for at least 6 months. 
The cyclohydrolase was punned in 63% yield from 20 ml 
of M. barken cell extract as described in Materials and 
Methods. The purification steps are summarized in Table 1. 
Native PAGE showed the presence of a single band when 
stained with Coomassie brilliant blue (Fig. 2). The procedure 
resulted in a 313-fold increase in specific activity, indicating 
that the cyclohydrolase composes about O.Wc of the total 
cell protein. Dunng the different purification steps, cyclohy­
drolase was resolved from 5.10-methylene-H4MPT-dehydro-
gena5e and -reductase as well as from formylmethanofuran: 
Hj.MPT formyltransferase. 
The molecular mass of the protein »as estimated to be 
82.0OO daltons on the basis of nondenaturating PAGE (Fig. 
ЗА). With SDS-PAGE. a single band was observed with a 
relative molecular mass of 41.000 daltons (Fig. 3B). This 
suggests that the enzyme of .Vf. barktri is a dimer with two 
identical subunits. 
Identification of 10-formyl-H4MPT as the reaction product 
of the 5,10-methenyl-H4MPT cyclohydrolase from M. barken. 
Addition of cyclohydrolase purified from M. barken to a 
solution of 5,10-methenyl-H.MPT caused the instantaneous 
decrease of the characteristic absorbance band at 335 nm 
and the concomitant increase of a band at 282 nm (Fig. 4A). 
A distinct isosbestic point was observed at 298 nm. The 
reaction equilibrium at the pH 7.8 used in the assay favored 
a noncomplete hydrolysis of 5.10-methenyl-H1MPT as 
judged from the residual A „ , at the end of the reaction. 
5,10-Methenyl-H,MPT was also converted by cell extracts 
of M. ihermoauiotrophicum (Fig. 4B). In this case, no clear 
isosbestic point was present around 300 nm. indicating the 
formation of an additional product. The cyclic H«MPT 
derivative is known to be noncnzymatically hydrolyzed at 
alkaline pH (7, 14. 15). At pH 7 to 8 and at 37°C. commonly 
used in our assays, the nonenzymatic conversion contrib­
uted less than 1% to the overall reaction rates obtained in the 
presence of cyclohydrolase. When the nonenzymatic reac­
tion was observed at pH 7.8 and 60°C starting from solutions 
«Γ··«! Τ 
«·<-
v
s
v 
-:·«·. Ä 
FIG. 2. Native PAGE of punned cyclohydrolase. Cyclohydro-
lase lO.H. 1.6. 2.4. and 3.2 μι of protein! was subjected to PACE 
with 10*3 acrylamide and subsequently stained with Coomassie 
brillant blue, which binds relatively weakly to the protein. The 
position of cyclohydrolase is indicated by the open arrow. Т. Торт 
F. front. 
of 5.10-methenyl-H4MPT of pH 4.0 (Fig. 4C) and pH 12.0 
(Fig. 4D). respectively, an apparent steady state was 
reached after about 20 to 25 mm. The spectral changes 
observed in Fig. AC resembled the ones found for the 
reaction catalyzed by the cyclohydrolase from M. barkeri 
(Fig. 4A). except that no clear increase of the absorption 
band at 282 nm was observed. Moreover. 5.10-methenyl-
HjMPT was only partly convened compared with the enzy­
matic reaction performed at 37°C. Upon acidification to pH 
4.0 of the different reaction mixtures, the original spectra of 
5.10-methenyl-H4MPT were recovered, indicating that no 
irreversible degradation had occurred. Before acidification, 
when the spectra did not further change, anoxic samples of 
the different reaction mixtures were analyzed by HPLC (Fig. 
5). In addition, an anoxic solution of the compound at pH 14 
was analyzed (Fig. 5D). In the enzymatic reaction catalyzed 
by the cyclohydrolase from M. barkeri, only one product 
was formed, snowing a retention time (Я,) of 12.02 mm (Fig. 
5B). This product was also the only compound present in the 
nonenzymatic reaction at pH 14 (Fig. 5D). In the reaction 
mixture containing the cell extract of M. ihermoauiotrophi­
cum, a substantial amount of an additional compound was 
found which showed an R, of 14.94 min (Fig. 5 0 . It was 
established by Donnelly et al. (7) on the basis of "C nuclear 
magnetic resonance studies and comparison of the proper-
lies with those known for the analogous tetrahydrofolate 
derivatives that the products formed in the nonenzymatic 
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FIG 3. Molecular weight determination of native cyclohydrolase and the subumt. (A) Estimation of native cyclohydrolase by PAGE. 
Relative mobilities (/?„) of cyclohydrolase (O) and the standards ( · ) . α-amylase and the monomer, dimer, and tnmer of bovine serum 
albumin, were determined at 8. 9,10. and W7c acrylamide as described in Materials and Methods Molecular weights are plotted as a function 
of the slopes calculated from 100 log 100 χ R
m
 versus gel concentration plots of the different proteins according to Hednck and Smith ( 12) 
IB) C>clohydrolase subumt determination by SDS-PAGE Electrophoresis of denaturated cyclohydrolase 1С) at 13% acrylamide in 0 We SDS 
was done as indicated in Materials and Methods The standards i#l are Phosphorylase b. bovine serum albumin, ovalbumin, carbonic 
anhydrasc. soybean trypsin inhibitor, and a-lactalbumin. 
reaction and in hydrolysis catalyzed by the cyclohydrolase 
from .Vf. ihermoautotrophicum were 10-formyl-H4MPT and 
3-formyl-H4MPT, respectively Since the product formed by 
the cyclohydrolase present in M. barken was identical to the 
product of the nonenzymatic reaction, we conclude thai the 
enzyme of this organism catalyzes the hydrolysis of 5,10-
methenyl-Η,ΜΡΤ to 10-formyl-H4MPT. 
In two previous reports by our group (14. 15). we also 
noticed that M. ihermoautotrophicum and \f. harten pro­
duced different fonnyl-Η,ΜΡΤ denvatives from 5.10-meth-
enyl-H4MPT. However, it was incorrectly concluded that 
the 10-formyl species was formed by the former organism, 
whereas M. barken made 5-formyl-H4MPT. The erroneous 
conclusion was drawn from the relative oxygen stability of 
both formyl-Η,ΜΡΤ denvatives. assuming correctly that 
5-formyl-H4MPT was the more stable compound owing to 
the protection of the N-5 position. In our hands, the product 
obtained with the cyclohydrolase present in .Vf. ihermoau­
ioirophicum almost instantaneously degraded, as judged 
from UV-visible light spectra and H PLC analysis, when the 
reaction mixtures were exposed to oxygen. The compound 
formed in the nonenzymatic reaction performed at neutral 
pH decayed more slowly (approximately 30% in 30 nun). 
Reinvestigation now, however, showed that in agreement 
with other reports (71. the formyl-H.MPT derivative formed 
by .Vf. ihermoautotrophicum, that is, 5-formyl-H4MPT. in­
deed is the more oxygen-stable compound if it is resolved by 
anaerobic H PLC from contaminating proteins present in the 
reaction mixture. 
Kinetic properties. The cyclohydrolase reaction showed a 
temperature optimum around 49°C (Fig. 6A). markedly 
above the optimal growth temperature of the organism 
(3TC). The pH optimum of the reaction measured in 100 mM 
bts-tns propane buffer was pH 7.8 (Fig. 6B). An increasing 
pH resulted in an increasing amount of 5.10-methenyl-
H4MPT converted to 10-formyl-H4MPT at the end of the 
reaction. This is expected from the reaction 5,10-methenyl-
H4MFT ^ HjO := 10-formyl-H4MPT + H* From the data 
presented in Fig. 6B. a reaction equilibrium (£,„) of (4 63 = 
0.15) χ 10"" M may be calculated at 37°C. The variation was 
independent of the pH, in contrast to the enzymatic reaction 
catalyzed by the cyclohydrolase of .Vf. ihermoautotrophi­
cum, in which ALC„ consistently increased at increasing pHs 
(6). 
The cyclohydrolase reaction showed simple Michaelis-
Mcnten kinetics with respect to 5.10-methenyl-H.MPT. 
From Lineweaver-Burk plots an apparent K
m
 - 0.57 mM 
could be calculated for the compound. 
When the standard assays containing 34 μ,Μ 5,10-methe-
nyl-H4MPT were observed at pH 8.1 and 37*C in the 
presence of coenzyme F 4 J 0 (90 uM), H.MPT (38 μΜ) pius 
formaldehyde (3.1 mM), NAD* (10 μΜ), or NADPT (10 
μ,Μ), these compounds did not affect the reaction rates. 
Neither ATP (1 mM) nor ADP (1 mM) in reaction mixtures 
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produced Thus 2 mol οι coenzyme Foi were reduced per mol 
oi 5 тегЫ-НдМРТ oxidized. Since ihe oxidation ot 5.10-
methvlene-Η,ΜΡΤ is known 110) to be coupled m a L 1 
»Eoichiumetrv with respect to coenzvme F4M reduction accord­
ing to Reaction 1. this implicates that the oxidation of I mol 
of 5-methvl-HiMPT to the methylene level also involves the 
reduction ol 1 mol ot coenzyme ¥
іЛ 
With punned reductase the oxidation ot 5-raethyl-HjMPT 
in the presence of coenzyme F4Jo proceeded only to some 
extent However, when punfied dehydrogenase was present, 
mettivi oxidation went at a considerable rate (Table I) This 
implies that the reductase reaction is exergonic m the direc­
tion of methylene reduction and that the dehydrogenase re­
action (Reaction 1). at which 5,10-methenyl-H4MPT forma-
rion is strongly tavored 110), is required to make the methyl 
group oxidation thermodvnamicallv feasible. This was aub-
AbiOfboftt» at 401 ч т -
Fir. I 5-Meth\UH4MPT oxidation and coenzyme F«M re· 
duction b\ cell-free extract of M. thermoautotrophtcum. The 
-pectrophotometnc as.«*a\ iJO ml) performed in -Ϊ0 тч KP buffer. 
pH tí U. under шіткеп dimorphere at hO*C contained 19 ΐ
 и
м 
coenzyme F,,, and ~>0 μί ot crude (.ell extract (l mg ut protein) that 
had been ехіепмчеК washed under aerobic conditions over a Ρ M Ю 
(Amiconi filter The reaction was started after 1 min as indicated bv 
the firm« bs the anoxic addition ol vmeth\l Η,ΜΡΤ UJ u4. and 
wab lolloped чтиІіапеои*І\ at -1 JO ι upper cunei and ITA nm ilnuer 
iurte] 
TABI Ε I 
fìeiame ratet < if the ϊ ¡0-теіИ\Іепе-Нл\!РТ reducto** f mm \t 
thermoautQtmphtcum и ith ianou\ electmn earner* 
The fesa\s were perlormed in л \olume ot 2 0 ml at GO "C in 100 
т ч KP, butfer pH "0 When followed in the direction of methvl 
oxidation the reaction mixtures contained J4 μΜ î-methyl-Hj.MPT. 
methWene reductase 15 > u\\ ol protein) met h ν tene dehydrogenase 
il S units) and electron acceptor as indicated The reaction rate in 
the presence ot coenz\me Ft>4, «as set at 100
r
c and equaled a rate of 
47 5 nmol mm ' (specific acmit\ 8 6 μΐηοΙ mm-' тргГ1) In the 
direction ol methvlene reduction, the reaction mixtures contained Д5 
μΜ Η,ΜΡΤ 1 5 т ч formaldehvde 0 l'I иЦ ûl methvlene reductase, 
and electron donor as indicated The velocits ol the reaction in the 
presence ol coenzvme F,.-„H was taken as lWV which equals a rate 
ot V) l nmol mm ' (specific actiut\ ¿¿7 7 μηιαΐ mm ' mg ') The 
spec trophoi ome trie акяа\ъ were followed at the absorba nee maxima 
of the % arious electron Lamers tested DCPIP, .2.6-dichlorophenolin-
dophennl 
Electron carrier luMl 
Electron acceptor 
Electron acceptor 
F.,. 1491 
F-IÔ0I 
F„iW) 
Fn»i50l 
FADlWI 
FMN liO) 
Benz\l wologen (50) 
Methylene blue 
DCPIP (50) 
F,„H, (36) 
NADH (50) 
NADPH 150) 
(301 
Relause rate 
100 
16 
0 
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FIG. 2 Coenzyme FjxoHt oxjdation And 5.10-methytaie-
Η,ΜΡΤ reduction by punfied 5,10-methylene-H4MPT reduc­
tase. The reaction muture (2 0 ml) in 20 mM KP, buffer, pH 7 0, 
contained J8 5 uM coenzvme F4<iHi, Κ μΜ Η,ΜΡΤ and 2.5 mal 
Ic-rmaldehvde The reaction at 60 'C under nitrogen atmosphere was 
started by ihe anoxic addition oflO μί of reductase (1.1 Mg of protein) 
and was followed by recording the absorban« at 401 nm. 
stammtet! by following the reductase reaction ш Che direction 
of the methylene reduction in the presence of coenzyme F< eH, 
(Fig 2) In this case the latter compound was readily oxidized. 
In three different assays, each containing 65 5 nmol of 5,10-
methylene-H.MPT and 17.5, 35 9. or 52.3 nmol of coenzyme 
F<J»HJ, the spectrophotometncally determined amounts of 
coenzyme F»
w
 formed at the end of the reactions were 112, 
29 2, and 49 2 nmol, respectively HPLC analysis of aliquota 
of the final reaction mixtures showed that 10.7. 28.3, and 47 9 
nmol of 5-methyl-HVMPT were produced, respectively These 
values again are in agreement with a stotchiometry according 
to Reaction 2. The velocity of the reductase reaction in the 
physiological direction of CO· reduction, namely methylene 
reduction, exceeded the reverse reaction by a factor of 26 
iTable I) 
Coenzyme Fia is quite specifically used as the eosubstrau. 
When measured in the direction of methyl oxidation, only its 
denvative F* could substitute to some extent, whereas F0 was 
inactive (Table I) F* and Fo, which lack the lactylglutamate 
and 5' phosphoryllactylglutamate residues of the side chain, 
respectively, did function in the dehydrogenase reaction.1 No 
activity was found with factor Fnn, which is 8-OH adenyly-
lated coenzyme FiXh neither with the reductase nor the de­
hydrogenase The pyridine nucleotides NAD(H) and 
NAOP(H), that are the electron earners of 5,10-methylene-
Hjfolate reductase punfied from rat liver and pig liver (14, 
15), were inactive both in the direction of methylene reduction 
and methyl oxidation. In addition, a number of natural and 
artificial 1-electron earners like FMN, FAD, benzyl viologen, 
methvlene blue, or 2.6-dichlorophenolindophenol did not 
serve as a substrate when assayed in the direction of 5-methyl-
H4MPT oxidation. These compounds, however, are active in 
the meth.ylene-H4f0.ate reductases reported (12-15). 
By routine the reductase reaction was measured starting 
from 5-methyl-rt.MPT and in the presence of excess dehy­
drogenase. This was done to avoid interference with the 
dehydrogenase and coenzyme F.jo-dependent hydrogenase 
during the early purification steps. 
Purification and Properties of 5,10-Methylene-HJÍPT Re-
ductase from M. thermoautotrophtcum—The reductase was 
punfied in 26% yield from cell extracts of M. thermoautotro-
phtcum (Table II). After the phenyl-Sepharose step, three to 
' В W te Bromnwlstroet and J. Τ Keltjena, manuscript in prep­
aration. 
Absorbante 
250 300 350 250 300 350 
Absorban» 
250 300 350 2S0 300 350 
Wavítenqih (rim) , Wovflenglh Inm) 
FIG. 4. Time courses ofenzsmalic and norteruvnulic hydrolysis 
of 5.10-methenyl-H1MPT. Reaction mixtures 12.0 mil contained 27 
И.М 5.10-melhenU-H4MPTin 100 mM Tns hsdrochlonde buffer ipH 
7.8). Spectra were recorded before the start of the reactions and 
within 10 s after the anoxic addition of 10 μΙ of cyclohydrulase to 04 
μ£ of protetnl punned from .Vf. hurken f A). 10 μΙ of crude cell 
extract (0.2 mg of protein) from M. ihermoauti'tmplncum (Bt. no 
further additive (C). and β μΙ of acetic acid (D). subsequent spectra 
were taken at 2J-min intervals. The spectral changes are indicated 
by arrows. Incubations were performed either at 37°C ι A) or at 60°C 
(B to D). In panel D. before the first spectrum was recorded, the 
reaction mixture was brought to pH 12 with 30 μ| of 4 M КОН. 
containing 10 m M MgCU had an effect on the reaction. 
MgCU alone present in 9 and 18 m M concentrations did not 
stimulate and EDTA (20 mM) did not inhibit the reaction, in 
contrast to observations made for the cyclohydrolase from 
.W. thermoauloirophicum (6). 
DISCUSSION 
Cell extracts of SI. barkeri contained high activities of 
5,10-methenyl-H,MPT cyclohydrolase. The enzyme is es­
sentially oxygen stable, but the presence of nomontc or 
dipolar tonic detergents was a prerequisite to keep the 
enzyme preparations Fully active. Cyclohydrolase was puri­
fied about 300-fold to apparent homogeneity in a four-step 
Absorbonce at 2G0 nm-
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FIG. 5. HPLC analysis of 5.10-methenyl-H.MPT and its hydrol­
ysis products. IAI 5.10-Methenyl-HjMPT 120 μ|. 0 . " m.M: pH 4): 
IB) 200 μΐ of the ñnal reaction mixture of Fig. 2Λ containing punned 
cyclohvdrolase from Vf. barken: 1С) 200 μ| of the ñnal reaction 
mixture of Fig. 2B containing extract from if. thermoauiotrophi-
am: and IDI 20 μΐ of 0.27 mM 5.10-methenyl-H4MPT adjusted to 
pH 14 with anoxic concentrated KOH. HPLC analysis was per­
formed with the 50 mM potassium phosphate buffer (pH 6.0V-509Î· 
mcthanol (vol/vol) solvent system as desenbed in Materials and 
Methods. 
purification procedure involving three chromatographic 
steps. Purified cyclohydrolase exhibited a specific activity of 
470 μπιοΐ/mg of protein per mm. which is more than three­
fold higher than that obtained with the analogous enzyme 
from M . thermoauloirophicum (6). The high specific activity 
was measured with S.lO-methenyl-H.MPT, which in fact is 
not the physiological substrate: the methanoptenn derivative 
present in M. barken, called sarcmaptenn. contains an 
additional i-glutamatc bound via an amide linkage to the 
a-carboxylic acid group of the α-hydroxyglutanc acid resi­
due of methanoptenn (27). 
M. barkeri is a methylotrophic organism. When grown on 
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FIG 6 Temperature and pH optima of the lyclohydrolase reaction (A) The temperature optimum was determined in reaction mixtures 
(1 6 ml) containing 27 μΜ 5 10-methenyl Η,ΜΡΤ in ISO mM HEPES buffer (pH 7 85) Reactions were started by the addition of 23 μΐ ot 
purified cyclohydrolase (0 1 iig of protein) (B) Xctivities (C) at different pHs were measured in reaction mixtures containing 27 i&M 
5 10-melhenyl-H4MPT in 7^  mM bis-lns propane bulfer at 3TC and in the presence of 23 \ii of punned cyclohydrolase (0 1 iig of protein) 
The concentration of ^ 10-methenvl-H4MPT < »1 at the end ot the reaction was calculated from the Λ1)3 at which tni
 ж
 21 6 mM"1 cm'1 (7) 
methanol. 25% of the substrate has to be oxidized to CO, to 
generate the reducing equivalents for the methvl group 
reduction Little is known about the oxidative pathway 
During short-term labeling experiments which ongmallv 
resulted in the detection of 5 10-methenyl-H4MPT (then 
called yellow fluorescent component) the compound was 
found to be an earlv intermediate both in the CO- reduction 
bv V/ ihermoiiuiotrnphu urn and in the methanol conversion 
bv Vf fairim(S) The role of H4MPT derivatives in the CO-
reduction is well established (16 17 23 29) During the 
purification desenbed here, we also measured high activities 
ot formylmelhanoluran H4MPT formyltransfera.se as well 
as coenzyme F4.,, dependent 5 10-methvlene H4MPT-dehv-
drogenase and -reductase Recently it was reported that the 
organism also contains an active formylmethanofuran dehy­
drogenase (3) All this suggests that methyl group oxidation 
proceeds by a reversal of the route for CO- reduction This 
suggests that the cyclohydrolase ts actively involved in the 
process of methanogenests 
During the purification, cyclohydrolase was resolved from 
the other H4MPT-dependent proteins, which indicates that 
the enzyme catalyzes a single reaction, namely the (revers­
ible) hydrolysis of 5 10-methenyl-H4MPT Only the H4MPT-
dependent cyclohydrolase of Vf ihermoauioirophtcum (6) 
and the tetrahydrofolate-dependent cyclohydrolases of the 
acetogenic bacteria Clostridium formtioactucum (4) and 
Acetobacierium woodti (4) were found to be monofunc-
tional Although the cyclohydrolase isolated from Vf barken 
resembles the one from VÍ ihermoauioirophtcum (6) in 
molecular mass (82,000 dajtonsl and subumt composition. 
the enzymes form markedly different hydrolysis products 
from 5 10-methenyl-H4MPT (10-formyl- and 5-formyl-
H.MPT. respectively) The reason for this is not clear It 
may reflect differences in the way CO- is activated and 
subsequently converted to the formvl state of reduction In 
Vf ihrrmoauioirophicum. CO. activation ts coupled to the 
terminal step of methanogenesis. the reduction of methyl-
coenzyme M. or more specifically, the reduction of the 
heterodisulfide of coenzyme M and 7-tnercaptoheptanoyl-
threomne phosphate II, 2) In cell extracts of the organism. 
this coupling is easily demonstrated by a phenomenon 
known as the RPG effect the dramatic enhancement of CO-
reduction under a hydrogen atmosphere by the addition of 
methvlcoenzyme M (10. 22) This effect was never observed 
in such experiments performed with SI barken (13, 22 
unpublished data) 
DiMarco et al (6). for the cyclohydrolase reaction cata-
lyzed by Vi ihermoauioirophtcum. determined a pH-depen-
dent equilibrium constant (AT,,) averaging 5 4 χ 10' M"' 
between pH 7 and 9 and 58°C for the reaction 5-formyl-
H4MPT - H* = 5 10-methenyl-H4MPT + H-0 This equi­
librium constant is about 105 times higher than the analogous 
conversion of 5-formyltetrahydrofolate to 5.10-melhenyl-
tetrahydrofolate. and this has the important consequence for 
the methanogen that no ATP has to be invested in the 
cyclohydrolase reaction (6). For the reaction 10-formyl-
H4MPT -r H* = 5.10-methenyl-H4MPT + HjO, catalyzed 
by cyclohydrolase from M barken, we measured a pH-
independent K
e4 of 2.16 x 10' M"
1
, which is close to the 
above value This suggests that the free energy change of 
both reactions is about the same, being - 4 64 and - 1 98 
U/mol at pH 7 and at 58 and 37°C respectively. Remark­
ably, a 30-fold-higher *„, , 7 84 χ 10* M"1, was measured for 
the nonenzymalic hydrolysis of 5,10-methenyl-H4iMPT (6) 
From the nonenzymalic conversion shown in Fig. 4C, one 
may calculate a comparable value. К = 7 3 x 10" M~'. We 
also noticed some slight spectral differences between the 
enzymatic and nonenzymattc reactions, notably around 282 
nm. The analogous nonenzymauc hydrolysis of 5,10-meth-
enyltetrahydrofolate ts a complex two-step reaction (21) 
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The Arsi step involves a generai base-catalyzed attack of 
water on the methenyl bridge, resulting into the formation of 
a neutral tetrahedral intermediate In the second rate-
determining step at pH 7 to 9. the intermediate is degraded to 
10-formyltetrahydrofolate by a general acid-base Ibuffrn-
catalyzed mechanism Possibly in the nonenzymanc hydrol­
ysis of 5 10-methenyl-H 4MPT. only the first step is observed 
at near-neutral pH More detailed kinetic studies are. how­
ever, required to support this hypothesis 
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PURIFICATION AND SOME OF THE PROPERTIES OF FOR-
MYLMETHANOFURAN: 5,6,7,8-TETRAHYDROMETHANOPTE-
RIN FORMYLTRANSFERASE FROM METHANOSARCINA 
BARKERI 
81 
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SUMMARY 
Formylmethanofuran: 5,6,7,8-tetrahydromethanopterin formyltransferase from 
HethanosarcLna barkerI strain MS was purified 570-fold to electrophoretic 
homogeneity. The oxygen-stable monofunctional protein was isolated as an 
осtamer of 32 kDa subunits. The enzyme catalyzed the transfer of the formyl 
group of formylmethanofuran to 5,6,7,8-tetrahydromethanopterin (НдМРТ) accor­
ding to a ternary (sequential) complex mechanism with a V
m a x
- 2330 /xmol.min . 
m8"l (K
c a t- 1227 s"*). The apparent Кц, values for formylmethanofuran and 
НдМРТ were 47 μΜ and 230 μΆ , respectively. Uncertainty exists as to the 
nature of the formyl-H^MPT derivative produced. Spectrophotometric data indi­
cated the formation of the 5-formyl species, whereas the results from HPLC 
analyses suggested that 10-formyl-H^MPT was the product of the fonnyltransfer­
ase step. 
Abbreviations used: H^MPT, 5,6,7,8-tetrahydromethanopterin; MFR, methanofuran; 
CHAPS, 3-t(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; SDS, sodium 
dodecyl sulfate; HPLC, high-performance liquid chromatography; FPLC, fast 
protein liquid chromatography. 
INTRODUCTION 
Most methanogenic bacteria are capable to perform the eight-electron 
reduction of carbon dioxide to methane. This process is well investigated for 
HeCbanobacCerium CheiwoauCoCrophicum (1,2,3). In the first step of methanoge-
nesis, carbon dioxide is reduced to the formyl-state and concomitantly bound 
to the first of a series of unique one-carbon carriers, methanofuran (MFR). 
The reaction is catalyzed by formylmethanofuran dehydrogenase and formylmetha 
nofuran (formyl-MFR) is formed as the product (4,5). In a reaction catalyzed 
by formylmethanofuran:5,6,7,8-tetrahydromethanopterin formyltransferase 
(formyltransferase) the formyl group then is subsequently transferred to 
5,6,7,8-tetrahydromethanopterin (H4MPT) (6). The product of the reaction, 5-
formyl-H^MPT is cyclohydrolyzed into 5,10-methenyl-H^MPT by a specific cyclo-
hydrolase (7). Following the reduction of 5,10-methenyl-H^MPT into 5,10-
methylene-H^MPT (8-11) and 5-methyl-H^MPT (12-14), respectively, the methyl 
group is transferred to coenzyme M (15-18). In the terminal step of methanoge 
nesis the product of the methyltransferase step, methylcoenzyme M, is reducti 
vely demethylated into methane and coenzyme M (1,2,3). 
A limited number of methanogenic bacteria, including Hethanosarcina barke­
rs, may gain their energy for growth from the conversion of methanol into 
methane and carbon dioxide. Here, 3/4 of the substrate is reduced into 
methane; the remainder has to be oxidized in order to generate the reducing 
equivalents for the methyl group reduction. More than 12 years ago it was 
already found that 5,10-methenyl-H^MPT is an intermediate in the methanol 
oxidation pathway in M. barkeri (19). More recently, the enzymes 5,10-
methylene-НдМРТ-reductase, S.lO-methylene-H^MPT dehydrogenase (18,20-23), 
5,10-methenyl-H^MPT cyclohydrolase (24), formyl-MFR:НдMPT formyltransferase 
(25) and formyl-MFR dehydrogenase (4, 26) were purified from the organism. 
This suggests that methanol oxidation occurs by a same metabolic route as 
carbon dioxide reduction, though in an opposite direction. At the formyl-
H^MPT state of reduction, however, some apparent controversial results were 
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found. In a previous paper it was concluded by us that lO-formyl-H^MPT was 
formed by the cyclohydrolase from rt. barker! strain MS (24). However, 
Breitung and Thauer (25) stated 5-formyl-H^MPT to be the product of the 
formyltransferase step in the closely related tí. barker! strain Fusaro. 
Hence, we purified and characterized to some extent formyltransferase from W. 
barker! strain MS and compared the product of the formyltransferase and 
cyclohydrolase reaction by ultraviolet spectroscopic and chromatographic tech 
niques. 
MATERIALS AND METHODS 
Organisms and extracts 
Cells of tí. thermoautotrophicum (strain ΔΗ, DSM 1053) were grown on a 
mineral medium in a 300 liter fermentor under a 80% hydrogen and 20% carbon 
dioxide atmosphere as described elsewhere (27). tí. barker! strain MS (DSM 
800) was mass-cultured under nitrogen/ carbon dioxide (80/20, v/v) in the 
300-1 fermentor on a mineral medium that contained 250 mM methanol (28). 
Cells of both organisms were harvested at the end of the exponential growth 
and stored at -70°C under nitrogen until use. Cell extracts of M. barker! 
were prepared as documented before (24). Preparation of boiled cell-free 
extracts of W. thermoautotrophicum proceeded as described before (10,24). 
Preparation of the substrates 
The enzymic reactions were performed with substrates isolated from M. 
thermoautotrophicum. H^MPT and 5,10-methenyl-H^MPT were obtained according to 
reported procedures (10, 24). MFR was separated from HAMPT during anoxic 
separation of boiled cell-free extract of tí. thermoautotrophicum on a DEAE-
Sephadex A25 column (10). The compound was eluted at about 280 mM NaCl. 
Detection took place by use of thin-layer chromatography on Kieselgel 60 
plates (Merck, Darmstadt, FRG). The plates were developed In 1-butanol: 
acetic acid: water (33:12:15, v/v) and, after drying, sprayed with 0.1% 
ninhydrin in methanol. Following an incubation at 105°C for about 5 min MFR 
could be detected as typical orange-yellow spots. The partially purified MFR 
was subjected to fonnylation with p-nitrophenyl formate as described by Donnei 
ly and Wolfe (6). After completion of the reaction the mixture was adjusted 
to pH 5 with acetic acid and solid NaCl was added to a final concentration of 
2 M. Formyl-MFR was purified by use of bonded phase C^g-column chromatogra­
phy. The column (29 χ 1.8 cm) was activated by subsequent washing with 100 ml 
100« methanol, 100 ml distilled water and 100 ml 50 mM sodium acetate buffer 
pH 5 containing 2 M sodium chloride. After application of the sample, the 
column was rinsed with 50 ml distilled water and developed with a linear 
gradient (400 ml) of 0 to 20% methanol. Formyl-MFR was eluted between 2 and 
6% methanol and was judged to be pure on the basis of the ultraviolet 
absorption spectrum of the compound published by Leigh et al. (29). The 
concentration was calculated from the molar extinction coefficient at 273 nm 
(«273 - 1.34 иМ"1.сш"1; 4,25). 
Enzyme assays 
The formyltransferase reaction was followed spectrophotometrically. Reac­
tion mixtures were prepared in anaerobic quartz cuvettes placed inside an 
anaerobic glove box. The routine assays (2.0 ml) contained 50 mM KP« buffer 
(pH 7), 1 mM dithiothreitol, 224 nmol formyl-MFR, 230 nmol H^MPT and at least 
fivefold excess (1 U, 2.1 /ig) 5,10-methenyl-H^MPT cyclohydrolase purified 
from H. barker! as described before (24). After addition of the reagents, the 
cuvettes were closed with black butyl rubber stoppers, taken outside the 
glove box and gassed with nitrogen. Next, the cuvettes were pre-warmed for 5 
min at 37°C and by use of a gas-tight syringe 10 to 50 μΐ formyltransferase 
was added to initiate the reaction. By the action of cyclohydrolase the 
product of the formyltransferase was converted into 5,10-methenyl-H^MPT. 
Reaction rates were calculated from the molar extinction coefficient ({33g -
21.6 mM^.cm" 1) of 5.lO-methenyl-НдМРТ at 336 nm (3,30). Kinetic properties 
of purified formyltransferase were determined in the reaction mixtures (2.0 
ml) that contained as indicated either 50 mM KP¿ buffer (pH 7) or 100 mM bis-
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tris propane buffer (pH 6), fonnyl-MFR (224 nmol) and H^MPT (230 nmol) . Now, 
reactions were followed at 282 run and reaction rates were measured from the 
increase of the absorption at that wavelenght (At2g2~ *•' mM .cm ). The 
latter value was determined from the spectral changes that had occurred after 
complete conversion of H^MPT (£302-15.2 mM^.cm"
1; 3,30) into formyl-H^MFT. 
Purification of formyltransferase 
Preliminary experiments shoved that the enzyme was oxygen-stable. Conse­
quently, all purification steps were carried out under aerobic conditions and 
at 4°C. Furthermore, it was found that the addition of the zwitterionic 
detergent CHAPS (0.5 mM) prevented the irreversible inactivation of formyl­
transf erase. Hence, the detergent was routinely added to all buffers and 
enzyme preparations. 
Purification started by ammonium sulfate precipitation of crude cell-free 
extract. Under gentle stirring an amount of neutralized 100% saturated 
ammonium sulfate was dropwise added to 27.5 ml extract to give a final 
concentration of 60% ammonium sulfate. Following a 16-h equilibration, the 
suspension was centrifugea at 49,500 χ g and 4°C for 20 min. The supernatant 
was carefully decanted and loaded on a Phenyl-Sepharose column (7.5 χ 2.9 cm) 
equilibrated with 200 ml 2 M ammonium sulfate in 25 mM KP¿ buffer (pH 7). The 
column was eluted with a linear gradient (400 ml) of 2-0 M ammonium sulfate, 
followed by a linear gradient (300 ml) of 0-40% ethylene glycol, both in 50 
mM KPJ (pH 7). Hereafter, elution was continued with 40% ethylene glycol in 
the phosphate buffer. Formyltransferase was eluted during the latter step. 
Active fractions were combined and further purified on a Q-Sepharose column 
(9.8 χ 2.5 cm) equilibrated in 25 mM KPi buffer (pH 7). After application of 
the enzyme solution, the column was washed with 100 ml phosphate buffer and 
subsequently developed with a linear gradient (400 ml) of 0-1 M NaCl in the 
phosphate buffer. Formyltransferase only slightly bound to the column and 
more than 90% of the activity was present in fractions collected during the 
washing step. The enzyme was, however, resolved from major part of the other 
proteins including cyclohydrolase, that eluted between 450 and 600 mM NaCl. 
The next purification step employed FPLC on a Baker WP-PEI column (11.2 χ 1.4 
cm) equilibrated in 50 mM KP¿ containing 10% ethylene glycol and developed 
with a linear gradient (150 ml) of 0-2 M sodium chloride in equilibration 
buffer. Now, formyltransferase was eluted at about 1 M sodium chloride. 
Active fractions were pooled, concentrated and washed on an ultrafiltration 
membrane (Amicon PM10) with 2 M ammonium sulfate in 50 mM KFj (pH 7). The 
sample was applied to a TSK-Butyl column (8 χ 1 cm) equilibrated and washed 
with 2 M ammonium sulfate in the phosphate buffer. Contrary to contaminating 
proteins, formyltransferase was not retained and the enzyme was present in 
the fractions that eluted from the column just after application of the 
sample. At this stage formyltransferase vas homogeneous as judged from native 
and SDS Polyacrylamide gel electrophoresis. The enzyme preparation was desal­
ted and stored in 50 mM KP^ buffer (pH 7) containing 10% ethylene glycol and 
0.5 mM CHAPS. When kept at 4°C at these conditions no loss in activity was 
observed over a period of several months. 
HPLC analyses 
HPLC was performed at ambient temperature on a Waters liquid Chromatograph 
equipped with Model 6000 and M45 pumps, a M660 Gradient programmer, a U6K 
injector and a Model 450 variable wavelength detector (31). Peaks were 
recorded at 260 run. Separation took place on a precolumn (50 χ 2.1 mm) of 37 
to 50 μπι Corasil (Waters) coupled to a 10 μπι Lichrosorb RP-18 (Merck) column 
(250 χ 5 mm). Elution took place with a linear gradient (2 ml/min) in 10 min 
of either 0 to 50% methanol in 50 mM potassium phosphate, pH 6 (system A) or 
0 to 25% methanol in 40 mM sodium formate, pH 3 (system B). Prior to use and 
throughout operation the solvents were sparged with oxygen-free nitrogen gas. 
Protein determination 
Protein was determined by the method developed by Bradford (32) using the 
Bio-Rad Protein assay (Bio-Rad Laboratories, Richmond, CAL, USA). Bovine serum 
albumin served as a standard. 
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Polyacrylamid» gel electrophoresis and molecular weight determinations 
Polyacrylamide gel electrophoresis was performed on the PhastSystem separa­
tion and control unit (Pharmacia, Uppsala, Sweden). Gels were stained with 
Coomassie brilliant blue R-250 and/or by the PhastGel silver staining procedu­
re as specified by the manufacturer using the PhastGel development unit. 
Native electrophoresis proceeded on 10-15% Polyacrylamide gradient mini-gels. 
α-Amylase (45 kDa) and the monomer (67 kDa), dimer (134 kOa), trimer (201 
kDa) and tetramer (268 kDa) of bovine serum albumin served as molecular 
weight markers. Denaturing SDS-electrophoresis was performed on a 12.5% 
Polyacrylamide gel containing 0.1% SDS. Proteins were denatured by placing 
the samples for 10 min in a boiling waterbath in the presence of 2% SDS, 1 mM 
EDTA, 5% 2-mercaptoethanol and 10% glycerol (w/v). The following proteins 
were used as the standards: Phosphorylase b (94,000), bovine serum albumin 
(67,000), ovalbumin (43,000), carbonic anhydrase (30,000), soy bean trypsin 
inhibitor (20,100) and o-lactalbumin (14,400). 
Materials 
If not stated otherwise chemicals were of the highest grade available. 
Methanol (HPLC-grade), 40 μη bonded phase C l e and the WP PEI FPLC-column 
material were from J.T. Baker (Deventer, The Netherlands). DEAE-Sephadex A25, 
Phenyl-Sepharose CL-4B, Q-Sepharose, prefabricated mini-gels, the PhastGel 
blue R-250 and silver staining kits, as well as molecular weight protein 
markers were obtained from Pharmacia (Uppsala, Sweden). Dithiothreitol, 
CHAPS, p-nitrophenyl formate and bovine serum albumin were purchased from 
Serva Feinbiochimica (Heidelberg, FRG). Bis-tris propane and SDS were bought 
from Sigma Fine Chemicals (St. Louis, MO, USA), TSK-Butyl 650 was from Merck 
AG (Darmstadt, FRG). Gasses were obtained from Hoek Loos (Schiedam, The 
Netherlands). Nitrogen and hydrogen-containing gasses were made oxygen-free 
by passage over a prereduced R3-11 catalyst at 150°C, and over a RO-20 
catalyst at ambient temperature, respectively. The catalysts were a gift 
from BASF (Ludwigshafen, FRG). 
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RESULTS 
Purification and properties of formylmethanofuran:tetrahydromethanopterln 
fonnyltransferase from M. barkeri 
Formyltransferase was purified in 48% yield from cell-free extracts of H. 
barkeri (Table 1). The purification resulted into a 570-fold increase in 
specific activity, which indicates that the enzyme comprises about 0.2% of 
the cellular protein. During the purification fonnyltransferase was resolved 
from other H^MPT- and formyl-MFR-dependent enzymes including cyclohydrolase, 
5,10-methylene-H^MPT dehydrogenase and reductase, and formyl-MFR dehydrogena­
se . This indicates that fonnyltransferase is like the other proteins mention­
ed a monofunctional enzyme. 
Table 1. Purification of formylmethanofuran:tetrahydromethanopterin formyl­
transf erase from H. barker i. 
The purification used 24.5 ml cell-free extracts of H. barker!. Activities 
were measured in the presence of 5,lO-methenyl-НдМРТ cyclohydrolase as 
described under Materials and Methods. Units are expressed as μωοΐ 5,10-
methenyl-НдМРТ formed per minute. 
Step Total protein Total activity Specific activity Factor Recovery 
(mg) (units) (units/mg) (-fold) (%) 
Crude extract 
Ammonium sulfate 
(60% supernatant) 
Phenyl-Sepharose 
Q-Sepharose 
FPLC WP-PEI 
TSK-Butyl 
838 
245 
28 
7.8 
2.8 
0.8 
296 
249 
197 
176 
126 a 
143 
0.33 
1.02 
7.0 
22.6 
45a 
188 
1 
3.1 
21.2 
68.5 
136.4 
570 
100 
84 
67 
60 
43 
48 
aActivity will be somewhat underestimated due to the presence of high salt in 
the preparation. 
Native gel electrophoresis of the 570-fold purified enzyme showed a 
single band of approximately 250 kDa. Denaturing SDS-electrophoresis gave one 
band with an apparent Mj- 32,000. This would imply that fonnyltransferase was 
isolated as an octamer of these subunits. During gel filtration on a 
Sephacryl S-300 formyltransferase was, however, eluted at about 700 kDa. 
Upon storage in the presence of high concentrations of NaCl or in the 
90 
presence of 1 шМ EDTA electrophoresis of the native enzyme shoved a 
dissociation into various oligomers composed of 1 to 5 subunits. The dissocia­
tion was accompanied with a severe loss in activity. Preservation of activity 
required the presence of low salt concentration as veil as 0.5 mM CHAPS and 
10% ethylene glycol as stabilizing agents. The enzymic reaction measured in 
bis-tris propane buffer exhibited a defined pH optimum at pH 6 and a broad 
temperature optimum between 40 and S0°C; above 55°C the reaction rates 
rapidly decreased. 
Product of the fonnyltransferase reaction 
Formyltransferase vas routinely assayed with excess cyclohydrolase. The 
course of the reaction was characterized by the immediate increase of the 
absorbance at 262 nm as the result of formyl-H^MPT product, followed by the 
increase of the absorption at 336 nm, the typical absorbance maximum of 5,10-
methenyl-H^MPT (Fig. 1). Reaction rates were calculated from the increase of 
the absorbance at 336 nm («335- 21.4 mM'^-cm , 3,30). Cyclohydrolase was added 
to increase the sensitivity of the assay and to enable the calculation of the 
activity of enzyme fractions that both contained formyltransferase and 
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Fig. 1. Spectrophotometry assay of formyltransferase. The reaction mixture 
(2.0 ml) in 50mH KPj^  buffer (pH 7) and 1 mM dithiothreitol contained 224 nmol 
formyl-MFR, 165 nmol НдМРТ and 1 Unit (2.1 jig) cyclohydrolase. The reaction 
performed at 37°C was started after one min (arrow) by the anoxic addition of 
formyltransferase (0.75 pg protein) from the Q-Sepharose column. The course of 
the reaction was followed at the indicated wavelengths. 
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cyclohydrolase. 
Spectroscopie measurement of the formyltransfer reaction shoved the decrease 
of the absorbance at 302 nm («302" * 5 · 2 тМ'^спГ1; 30) as a result of НдМРТ 
conversion. Concomitantly, a band at 282 nm appeared (Fig. 2). The presence 
of an isosbestic point at 298 nm is indicative of the formation of a single 
product. Since formyl-MFR and MFR have identical ultraviolet spectra, their 
interconversion did not contribute to the spectral changes; the presence of 
the compounds is observed from the weak shoulder around 280 nm. Analysis by 
HPLC of the reaction mixture (Fig. 2) indicated that НдМРТ was completely 
converted at the end of the reaction. From this a molar absorbance <282~ 1^.4 
mM'^cm"1 may be calculated for the formyl-H^MPT derivative formed. The same 
spectral changes were measured by Breitung and Thauer (25) with formyltransfe­
rase isolated from both H. barkeri and H. Cherwoautotrophicum. Since 5-
formyl-НлМРТ had been previously identified as product of the cyclohydrolase 
and formyltransferase reactions in M. thermoautotrophicum (6,7, 33), the 
authors (25) concluded that the compound also was formed in H. barkeri. 
The reaction mixture obtained after incubation of H^MPT and formyl-MFR as 
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Fig. 2. Spectrophotometric course of the formyltransferase reaction. The 
reaction mixture (2.0 ml) in 100 mM bis-tris propane buffer (pH 6) at 37°C 
contained 224 nmol formyl-MFR and 219 nmol H^MPT. Spectra were recorded 
immediately after the addition of purified formyltransferase (80 ng, 0,015 
Units) and subsequent 1-min intervals. 
Absorbonce at 260 nm 
12 16 20 
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Fig. 3. HPLC analysis of the product of the 
formyltransferase and cyclohydrolase 
reaction. Analyses were performed at 260 nm 
using solvent system (A) described under 
Materials and Methods. (A) H^MPT (3.B nmol); 
(B) 50 μΐ of the reaction mixture in 100 mM 
KPÍ (pH 7) obtained after a 2-min incubation 
at 37bC of 0.28 mM formyl-MFR, 0.11 mM H^MPT 
and 0.4 Mg/ml (288 U/mg) purified H. barker1 
formyltransferase; (C) 5,10-methenyl-H^MPT 
(1.2 nmol) after incubation at pH 10 and 40°C 
for 70 min; (D) 50 μΐ of the reaction mixture 
in 100 mM KP, (pH 7.A) after a 1-min incuba­
tion at 37°C of 22 /JM 5,10-теЛепу1-НдМРТ 
with 0.65 /ig/ml (470 U/mg) cyclohydrolase 
purified from M. barkeri; (E) 5,10-methenyl-
H4MPT (1.2 nmol). 
well as a number of standards were analyzed by HPLC (Fig. 3). Short-time 
incubation showed the partial conversion of H^MPT (Rt- 12.17 min) into a 
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compound with α retention time of 11.36 min (Fig. ЗВ) . No reaction was 
observed when either formyl-MFR or enzyme vere omitted, whereas a complete 
conversion of H^MPT into the 11.36 min compound was obtained after prolonged 
incubation (not shown). The same 11.36 min derivative was formed after 
incubation of S.lO-methenyl-H^MPT (Rt- 13.70 min) with cyclohydrolase isolated 
from H. barkeri (Fig. 3D). Moreover, the compound with R t- 11.36 min vas 
produced upon incubation of 5,lO-methenyl-НдМРТ under alkaline conditions 
(Fig. 3C). Under these conditions 5,10-methenyl-H^MPT is in chemical equili­
brium with lO-formyl-H^MPT (3,33,34). Analysis with different HPLC solvent 
systems gave the same results. 
Kinetics of the formyltransferase reaction 
The steady state kinetics of the two-substrate reaction were investigated 
by measuring the initial velocities with one fixed concentration, while the 
concentration of the other substrate was varied. When reciprocal velocities 
were plotted against the reciprocal substrate concentrations an optimal fit 
was obtained by two series of non-parallel lines that intercepted the 
abscissa at one point on the left of the ordinate (Figs. 4A and 4C) . The 
patterns are indicative of a ternary (sequential) complex mechanism. Recipro­
cal replots of the apparent V values versus the reciprocal concentrations 
of formyl-MFR and H^MPT again yielded straight lines (Figs. 4B and 4D). Both 
from Fig. 4A and 4D an apparent Кц- 47 μΜ for formyl-MFR was calculated; for 
H4MPT the Κ,υ was 230 μΜ (figs. 4B,C). The apparent
 щ а х
 was 420 nmol/min 
(Figs. 4B,D). The latter value equaled a maximal specific activity of 2330 
units.mg"1 and a K
c a C- 1227 s*
1
. 
The reactions shown in Fig. 4 were allowed to go to completion. From the 
concentrations of the reactants present at the end а К - 4.0 (s.d.- 1.2; 
n-20) could be calculated for the reaction: 
formyl-MFR + H4MPT .. * MFR + formyl-H^MPT 
The value is in close agreement with a Κ„-5 that previously has been 
estimated by us (1,34) from data presented by Donnelly and Wolfe (6). 
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Fig. 4. Llneweaver-Burk kinetic plots of the formyltransferase reaction. The 
assays were performed at 37°C in 100 mM bis-tris propane buffer (pH 6) in the 
presence of 0.18 Mg purified enzyme. (A) Reciprocal initial velocities plotted 
against reciprocal formyl-MFR concentrations in the presence of 39 μΜ (·), 58 
(0), 77 (a), 87 (A) and 115 μΜ H4MPT (A). (C) Reciprocal initial velocities 
plotted as a function of reciprocal H^MPT concentrations with 14 μΜ (·), 28 
(О), 56 (σ) and 80 μΜ (ô) formyl-MFR. (Β) and (D) show the double-reciprocal 
plots of the apparent V
m a x
 values derived from Figs. 4A and 4C vs. the 
reciprocal concentrations of H^MPT and formyl-MFR, respectively. 
DISCUSSION 
Here we report the purification of formyl-MFR:H^MPT formyltransferase from 
M. barker! strain MS. The enzyme differs in a number of respects from the 
formyltransferase isolated from the related H. barkeri strain Fusaro (25) and 
from M. thermoautotrophicum (6). Formyltransferase was isolated by us as a 
250 kDa protein composed of eight 32 IcDa subunits. S-300 gel chromatography, 
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however, pointed to higher molecular mass. The enzyme from the Fusero strain 
contained a single 32 kDa subunit. Presumably, the hydrophobic protein tends 
to form aggregates depending on the purification procedure employed. The 
transferase from H. thermoautotrophlcum was reported to be a te tramer of 41 
kDa subunits (6), though a substantial lower molecular mass of the subunit 
(31.4 kDa) was deduced from the amino acid sequence (35). The specific 
activity of our enzyme measured in the presence of cyclohydrolase was about 
3-fold lower compared to the both others (6, 25). The difference will be due 
to the type of assay and the lower temperature at which we performed our 
measurements. The V_
 χ
- 2330 jimol.min' .mg determined in the absence of 
cyclohydrolase was about 1.5 to 2-fold lower than the reported values (25). 
The formyltransferase reaction in H. barker! strain Fusaro was mentioned to 
proceed by a ping-pong mechanism (25). In contrast, our results were in 
agreement with a ternary (sequential) complex mechanism (Fig.4). Moreover, we 
measured about 1.7-fold and 10-fold lower Кщ values for H^MPT and fonnyl-MFR, 
respectively. Breitung and Thauer (25) found an optimal activity at 65°C and 
they noticed the enzyme to be stable at that temperature. We, however, could 
not detect any activity at 65°C. 
Formyl-H^MPT may occur in the 5- and 10-formyl form (3,6,7,33). Analogous to 
the structurally related 5,lO-methenyl-H^folate, it is proposed that under 
alkaline conditions 5 ,10-теЛепу1-НдМРТ is in chemical equilibrium with the 
10-formyl species (1,3,7,24,25,33). During the formyltransferase and cyclohy­
drolase reactions in H. thermoautotrophicum the alternative derivative, 
notably S-formyl-H^MPT, is synthesized (6,7,33). Both derivatives can be 
distinguished on the basis of their ultraviolet absorption spectra. The 
distinction, however, may not be unambiguous, since the spectrum of 10-formyl-
НдМРТ has only been published at alkaline pH (3,33). Due to protonation of the 
oxygen at C-4 of the pterin moiety and the keto-enol tautomerism around the N-3 
and C-4 positions this spectrum will be different at near-neutral pH at which 
enzymic reactions are followed. At this pH the spectrum also will be 
interfered by the one of 5,10-methenyl-H^MPT (24). 5-Formyl- and 10-formyl-
НдМРТ can also be discerned by means of HPLC (6,24,31). 
The spectral changes that we observed during the fornyltransferase reaction 
(Fig. 2) were the same as found in H. barker! strain Fusaro and in H. 
therntoautotrophicum (25). This suggests that 5-fornyl-H^MFT was formed. HPLC 
analysis, however, showed the retention tine of the product of both the 
formyltransferase and cyclohydrolase reactions to be identical to the one 
of the non-enzymic hydrolysis of 5,10-methenyl-H^MPT at pH-ΙΟ and 40°C, 
notably 10-formyl-H^MPT. As mentioned above, the precise distinction between 
the ultraviolet absorption spectra of 5- and 10-formyl-H^MPT at neutral pH is 
not yet clear. On the other hand, it is assumed that lO-formyl-H^MPT is the 
product of the non-enzymic hydrolysis of 5,10-methenyl-H^liPT. The assumption 
is based on the structural analogy between H^folate and НдМРТ. It has been 
clearly proven that 10-formyl-HAfolate is formed from 5,lO-methenyl-Ндfolate 
during chemical hydrolysis at alkaline pH (36-39). However, at pH>14 and at 
elevated temperature the former is slowly converted in the 5-formyl form (38). 
Though it seems not very likely, it cannot be excluded that conversion of 10-
formyl- into 5-formyl-H^MPT already proceeds rapidly at the quite mild 
conditions. It will be clear that further investigations are required to 
unequivocally establish the nature of the formyl-НдМРТ derivative formed in 
the formyltransferase and cyclohydrolase reactions. 
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Summary 
Methanogenesis from carbon dioxide in Hethanobacterixim thermoaucocrophicum 
proceeds by use of a set of unique one-carbon (C^) carriers. Methanofuran and 
5,6,7,8-tetrahydromethanopterin (H^MPT) are the Cj-carriers in the reactions 
of this investigations. However, little was known about the nature, coenzyme 
requirement and kinetic features of the enzymes which catalyze the 
intermediate reduction steps with H^MPT as the C^-carrier. 
Chapter 2 describes the purification and characterization of 5,10-
nethylene-ΗήΜΡΤ dehydrogenase (MDH) which catalyzes the oxidation of 5,10-
methylene-H^MPT. The strictly coenzyme F420"dependent oxidation of which the 
products are 5,10-methenyl-H^MPT and reduced coenzyme T^o *-s a reversible 
reaction though 5,10-methylene-H^MPT oxidation is favoured (K - 0,44 M at pH 
7). The colourless aerobically stable enzyme is a monofunctional protein with 
a molecular weight of approximately 216 kDa. The dehydrogenase was purified as 
a hexamer of six Identical 36 kDa subunits. The oxidation of 5,10-methylene-
H^MPT proceeds via a ternary complex mechanism with apparent (^-values for 
methylene-H^MPT and coenzyme F42O °^ ^ ^ a n c l ^5 μΜ, respectively, and a 
maximal specific activity of 4000 /imol.min" .mg"'•protein. High concentrations 
of monovalent cations strongly stimulate the reaction. 
5,10-Methylene-H^MPT reductase (MTR) catalyzes the reduction of 5,10-
methylene-H^MPT, and methyl-НдИРТ is the product. In our assays the reaction 
was measured in the direction of methyl-H^MPT oxidation in the presence of 
excess of purified MDH (Chapter 3). The aerobically stable enzyme was purified 
to homogeneity as a single monomer of 35 kDa. Contrary to the functionally 
related methylene-H^folate reductases, the colourless MTR does not contain a 
flavin prosthetic group or iron-sulfur clusters. The enzymic reaction is also 
strictly dependent on the presence of coenzyme F420· 
The next chapters focus on the purifications and properties of НдМРТ-
dependent enzymes from HeChanosarcina barkeri. Since this organism is able to 
grow with methanol as the sole carbon and energy source, one-quarter of the 
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substrate must be oxidized Co gain the reducing equivalents for the reduction 
of the remaining three-quarters of the methanol to methane. 
In Chapter 4 the purification and some properties of MTR and MDH are 
described. Both enzymes are oxygen-stable and coenzyme F42O i s s t r i c t l y 
required as a co-substrate in the reactions. The reductase was purified as a 
tetrameric protein of identical subunits with an apparent molecular weight of 
38 kOa. Like MTR from H. thermoautotrophlcum, the reductase of H. barkeri does 
not possess a prosthetic group. The Revalues for methyl-H^MPT and coenzyme 
F420 a r e 250 μΜ and 40 μΜ, respectively. The dehydrogenase was purified as a 
hexamer composed of identical 35 kDa monomers. The K_-values for 5,10-
methylene-H^MPT and coenzyme F420 a r e *• № а ш * 18μΜ, respectively. Both 
monofunctional enzymes catalyze their reversible reactions by a ternary 
complex mechanism. 
H. barkerl contains a high activity of 5,10-methenyl-H^MPT cyclohydrolase 
which catalyzes the conversion of 5,lO-methenyl-H^MPT to іогшуІ-НдМРТ. This 
was investigated in Chapter 5. The cyclohydrolase was purified as an oxygen-
stable colourless enzyme with a molecular weight of approximately 82 kDa and 
is composed of two identical subunits. The apparent K,, for 5,10-methenyl-H^MPT 
is 0,57 mM at pH 7.8. From the experimental data it was concluded that the 
product of the monofunctional enzyme was lO-formyl-H^MPT, in contrast to the 
product of the cyclohydrolase from H. thermoautoCrophLcum which is thought to 
be the 5-formyl species. 
The last investigated step was the formyl group transfer from formyl-H^MPT 
to methanofuran. Formylmethanofuran:5,6,7,8-tetrahydromethanopterin 
formyltransferase was purified as an oxygen-stable colourless enzyme. The 
monofunctional protein is an octamer of identical 32 kDa subunits and 
catalyzes the formyl group transfer from formylmethanofuran to H^HPT according 
to a ternary complex mechanism. The reversible reaction proceeds with Кд-
values of 47 μΜ and 230 μΜ for formylmethanofuran and H^MPT, respectively, 
whether 5-formyl-H4MPT or 10-formyl-H^MPT was formed remained uncertain since 
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the daca from spectrophotometry and HPLC experiments were contradictionary. 
From the investigations described in this thesis the conclusion can be 
drawn that methanol oxidation occurs via the same pathway as carbon dioxide 
reduction, but In the opposite direction. The methyl group of methanol then 
would enter the oxidation pathway as methyl-H^MPT. Most likely the methyl 
group of methanol Is transferred to H^MPT via a corrinold-enzyme since In 
methanogenic bacteria all methyl transfer reactions investigated so far 
require corrlnoid-containing enzymes. 
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Samenvatting 
De methanogenese vanuit kooldioxide in Hethanobacterium thermoautocrophicum 
vindt plaats door middel van unieke een-koolstof (C^) dragers. Methanofuran 
en 5,6,7,8-tetrahydromethanopterIne (H^MPT) zijn de C^-dragers in de reacties 
die in dit onderzoek zijn bestudeerd. Er was tot nu toe echter weinig bekend 
over de aard, coenzym behoefte en kinetische eigenschappen van de enzymen die 
de intermediaire reductie stappen van H^MPT als C^-drager katalyseren. 
Hoofdstuk 2 beschrijft de zuivering en karakterisering van het 5,10-
methyleen-H^MPT dehydrogenase (MDH). Het enzym katalyseert de reversibele 
reductie van 5,10-methenyl-H^MPT (K - 0,44 M bij pH 7) en de reactie is 
strikt afhankelijk van coenzym F420· Het kleurloze zuurstof-stabiele MDH is 
een monofunetioneel eiwit met een molecuulgewicht van ongeveer 216 kDa. Het 
dehydrogenase werd gezuiverd als een hexameer van zes identieke subeenheden 
van 36 kDa. De oxidatie van 5,10-methyleen-H^MPT, waarbij 5,10-methenyl-H^MPT 
en gereduceerd coenzym F420 de reactieprodukten zijn, verloopt volgens een 
ternair complex mechanisme met Кщ-waarden van 33 μΜ en 65 μΜ voor 
respectievelijk 5,10-methyleen-H^MPT en coenzym F^o· H e t gezuiverde MDH 
vertoont een maximale specifieke activiteit van 4000 pmol.min" .mg eiwit. 
Hoge concentraties monovalente kationen stimuleren de reactie sterk. 
5,10-methyleen-H^MPT reductase (MTR) katalyseert de reductie van 5,10-
methyleen-H^MPT tot methyl-H^MPT. In onze bepaling werd de omgekeerde reactie, 
in de richting van methyl-НдМРТ oxidatie, gemeten in aanwezigheid van een grote 
overmaat gezuiverd MDH (hoofdstuk 3). Het gezuiverde zuurstof-stabiele MTR 
bestaat uit een monomeer van 35 kDa. In tegenstelling tot de functioneel 
verwante methyleen-H^folaat reductases, bezit het kleurloze MTR geen flavine 
of ijzer-zwavel clusters als prosthetische groep. De enzymatische reactie is 
tevens strikt afhankelijk van coenzym F420· 
De volgende hoofdstukken hebben de zuiveringen en eigenschappen van H^MPT-
afhankelijke enzymen van HeChanosarcina barkeri tot onderwerp. Omdat dit 
organisme in staat is te groeien op methanol als de enige koolstof en energie 
bron, шоеС een kwart van het substraat worden geoxideerd om de reductie 
equivalenten te verkrijgen voor de reductie van de overige drie-kwart van de 
methanol tot methaan. 
In hoofdstuk 4 zijn de zuivering en eigenschappen van MTR en MDH 
beschreven. Beide enzymen zijn zuurstof-stabiel en coenzym F^20 ^ 3 strikt 
noodzakelijk als co-substraat in de reacties. Het MTR. werd gezuiverd als een 
eiwit met vier identieke subeenheden met elk een molecuulgewicht van 38 kDa. 
Net als het MTR van H. thermoautotrophicum bezit het reductase van H. barkeri 
geen prosthetische groep. De Κ,,-waarden voor methyl-H^MPT en coenzym F420 zijn 
respectievelijk 250 μΜ en 40 μΜ. Het MDH is een hexameer samengesteld uit 
identieke monomeren van 35 kDa. De Кщ-waarden voor 5,10-methyleen-H^MPT en 
coenzym F420 zijn respectievelijk 6 μΜ en 18 μΜ. Beide monofunctionele enzymen 
katalyseren hun reversibele reacties volgens een ternair complex mechanisme. 
H. barkeri bevat een hoge aktiviteit van het 5,10-methenyl-H^MPT 
cyclohydrolase dat de omzetting katalyseert van 5,10-methenyl-H^MPT tot 
formyl-H^MPT. Dit enzym werd in hoofdstuk 5 onderzocht. Het cyclohydrolase is 
een zuurstof-stabiel monofunetioneel en kleurloos enzym met een 
molecuulgewicht van ongeveer 82 kDa en is samengesteld uit twee identieke 
subeenheden. De K,,, voor 5,10-methenyl-HAMPT blijkt 0.57 mM te zijn bij pH 7.8. 
Uit de experimentele gegevens kon worden afgeleid dat het produkt van de 
reactie lO-formyl-H^MPT was. Het cyclohydrolase uit H. thermoautotrophicum, 
daarentegen katalyseert een omzetting van 5,10-methenyl-H^MPT tot de 5-formyl 
vorm. 
De laatste onderzochte stap was de formyl-groep overdracht van formyl-НдМРТ 
naar methanofuran. Formylmethanofuran:5,6,7,8-tetrahydromethanopterine 
formyltransferase werd gezuiverd als een zuurstof-stabiel kleurloos enzym. Het 
monofunctionele eiwit is een octameer met identieke subeenheden van 32 kDa. De 
reactie verloopt volgens een ternair complex mechanisme. De Кщ-waarden voor 
formylmethanofuran en H^MPT bedroegen respectievelijk 47 μΜ en 220 μΜ. Of er 
5-formyl-H^MPT dan wel lO-formyl-H^MPT werd gevormd bleef onzeker daar de 
gegevens van spectrofocometrische en HPLC experimenten tegenstrijdig waren. 
Uit het onderzoek beschreven in dit proefschrift kan de conclusie worden 
getrokken dat de methanol oxidatie verloopt volgens dezelfde route als 
kooldioxide reductie, maar in de omgekeerde richting. De methyl groep van 
methanol zou dan de oxidatie route binnenkomen op het niveau van methyl-H^MPT. 
Het meest waarschijnlijk is dat de methyl groep van methanol wordt 
overgedragen op H^MPT via een corrinoïd-enzym. In methaanbacteriën zijn bij 
alle methyl overdrachtsreacties die tot nu toe zijn onderzocht corrinoïd-
bevattende enzymen betrokken. 
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ledereen hartelijk bedanken voor zijn of haar bijdrage. Helaas is het niet 
mogelijk iedereen persoonlijk te vermelden in dit dankwoord. 
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professor Vogels en de mensen van de "biochemische groep" voor de vele 
discussies en de vaak waardevolle adviezen. Elma de Laat voor het uittypen van 
delen van het manuscript, Jack Theuws en Ellen Walraven voor hun hulp bij de 
lay-out. De mensen van de technische diensten, fotografie, reproductie, 
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